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By E* Struve 



The report presents a method for the computation of 
axial fan characteristics. The method Is based on the 
assumption that the lav/ of constancy of the ci rcul atitfn 
along the hlade holds, approximately, for all fan conditions 
for which the blade elements operate .at normal angles of 
attack (up to the stalling angles), pressure head coeffi- 
cient Kg, and power coefficient ITtji for the force compo- 
nents in the axial and tangential directions, respectively, 
and analogous to the lift and drag coefficiurbs Cy and 

are conveniently iii tr odu ced , Corapp.rison of the ex- 
press ions 

\ 



H = Tl p c I u - , 

'pr u \ 2 y 



H = K,, p w\ 

with the expression 

e = a + ^ 

'enables the determination of all magnitudes characterizing 
the blede element psrformance .'^.nd the performance of the 
fan as a whole, the value of Ct^ being given. 

The report can be dividod into five pArts: 

1. Exposition of the? bl/ide elomcnt thsory based on 

th3 general laws of mechanics and on the fundamental coeffi- 
•cients of experimental aerodynamics, respectively, 

2. Discussion of the physical basis of tbe phenomena 
in fan operation and generalization to different operating 
conditions. 



"n 1 
2nr 



*Eeport ITo. 395, of the Central Aer o-Hydr odynamical Insti- 
tute, Moscow, 1937. 
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3. Explanation of the new modification of axial fan 
computation, wherehy use is made of the pressure and power 
coefficients. 

4. Method of determination of axial fan performance. 

5. Comparison of theoretical with experimental results 
and discussion of several conclusions drawn therefrom. 

Comparison with experiment shov/s chat the method pre»- 
sented permits construction of that portion of the axial fan 
characteristic lying within the range of maximum efficiency 
with an accuracy sufficient for practical purposes. There 
is brought out the need for further detailed study of an 
airfoil situated in a flow having a rotational component 
and of the mutual , int erf erence of the "blades of a cascade 
in order to obtain further accuracy in the method described. 
In this connection a method is outlined for obtaining the 
aerodynamic characteristics of the airfoil from the fan 
characteristics. An approximate method for plotting the fan 
characteristics, that does not involve much computation work 
and may be used for tentative computation, is also presented. 

I, BLADS ELEMENT THEORY OF AH AXIAL EAN 
1. General Considerations 

The blade element theory is based on the assumption 
that each element works independently of its neighboring 
elements with the reservation, however, that this independ- 
ence is possible, provided that certain conditions are observed. 
We shall see below, in considering the physical basis of axial 
fan operation, that the work of the individual blade elements 
is associated with general laws, the most important of which 
is that of the constancy of the circulation for all elements. 
Por this reason, in speaking here of the independent action 
of the individua'l elements, we understand the following. 
The aerodynamic forces arising at a given element are entirely 
determined by the direction and magnitude of the" flow velocity 
at the element, these forces being assumed identi'cal with- the 
forces arising at a' wing element (v;ith the same profile), hav- 
ing an infinite span and situated in a plane parallel flow. 
On this assumption is based the possibility in the fan com- 
putation of making use of the aerodynamic airfoil character- 
istics obtained in wind tunnel tests. 

The above-mentioned pos s ib i 1 ity . o f considering the blade 
elements as working independently of each other enables us to 
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determine the discharge <iel* pressure head developed 
Hgi and fequ'ir e'd power Ngi of each element. 

In analyzing the work of each -hlade element we shall 
make use of the generally familiar method of considering s. 
cascade of Ijlades, The mean cylindrical surf ace -defining 
a hlade element* is developed into a plane, the flow pattern 
remaining unchanged. The sections of the fan hladosi which 
actually lie on a cylindrical surface, will then lie success'- 
ively in a plane, 

pigure 2 shows the construction of a "blade cascade 
for various radii and clearly brings out the increase in 
blade thickness and blade angle with decreasin^j distance 
from the hub, as is typical of the characteristic of the 
CAHI type fan. The velocity vector diagrams are also giveni 
the letter w denoting the velocity relative to the given 
blade section, u the peripheral velocity, and c the 
absolute velocity, 

Figure 3 shovfs an example of the flov through a blade 
cascade. We may note the fo,llov/ing characteristiosx 

1, In passing through the cascade the lines of flow are 
deformed a-nd become straight again only at a certain distance 
behind the cascade, 

2, Ahead of the cascade bhe lines of flov;, are not curved 
since there are no forces v/hich could bring, about their curva- 
ture. In other words the direction of the absolute velocity 
at bhe inlet to the blade cascade coincides with the axial 
direction so that c = Ca» 

3, By the action of the blade cascade the flow behind 
the latter deviates from the direction it had at the entrance, 
As a result the direction of the absolute velocity behind the 
cascade cannot coincide with the axial direction and a rota-* 
tional component of the absolute velocity appears, the so- 
called velocity of twist c^j^, We may also note that the de- 
viation of the flov/ behind the cascade ros\ilts also in a 
decrease in the magnitude of the relative flow velocity. 



A blade element i s .de t ?rm ine d by two bounding cylindrical 
surfaces as shov/n in fig. 1. If the width b of the element 
is known, however, then the element is entirely determined by 
any cylindrical surface intersecting the element, Por this 
surface wo shall choose the cylindrical surface dividing the 
area swept by the element into tv;o equal parts. 
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Having noted the flow characteristics through the "blade 
cascade, v;e now proceed to the determination of quantitative 
relations for the tlade element. These relations may "be 
found "by two methods: 



1. By the general theory of mechanics ; 

2. "By the hasic experimental aerodynamic coefficients 
Cy and Cx characterizing the given airfoil section, 

2, Computation of Blade Element from 



General Mechanical Theory 



The blade element of a fan is computed hy considering 
the relative flow and applying the general theorems of 
mechanics, in particular the equation of Bernoulli, all of 
which are assumed as proven. 

In considering the question of the origin of aerodynamic 
forces on the blade cascade, the ansv/er i^ill he found by re- 
calling the above-enumerated properties of the flow through 
the cascade. The aerodynamic forces on the blades arise as 
a result of the change in momentum of the flow through the 
cascade (relative velocity decreases) simultaneously with 
the change in pressure (a drop in the relative velocity is 
followed, according to the Bernoulli equation, by an increase 
in pressure), V/e may note that if in an analogous manner we 
consider the absolute velocity ve vjould observe that the 
moment imparted to the element produces a change in the flow 
momentum and simultaneously a rise in the pressure. 

Applying the momentum equation* and the equation of 
Bernoulli v/e may establish the quantitative relations hold- 
ing for each blade element. We make only the following 
reservation; namely, that the friction is neglected in de- 
riving these relations. The effect of friction is relatively 
small and we shall take account of it by introducing special 
corrections, (These relations are derived from Prandtl.) 

In the flow region about the blades let us consider the 
zone of action of one blade (fig. 4). The boundaries of this 



*The law v/hich v/ e have in mind 
of the mass flowing through per 
of all applied forces. 



states: the change in 
second is equal to the 



momentum 
re sultan 
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-zone will serve as control surface for the application of 
• "t^he above— mentioned thepr ems o-f, mechanics. The "boundaries 
evidently can be taken as lines of flow and straight lines 
parallel to the direction of the peripheral velocity; thos3 
lines will be taken far enough removed from the cascade thnt 
the lines of flow may be considered parallel, There is no 
obvious flow across the zone boundaries constituted by the 
lines of flow, as the pressures at the corresponding points 
of these boundaries are equal, so that these boundaries may 
be excluded from consideration. 

It thus remains to conaider the change in momentum 
per second of the mass flowing across the boundaries of the 

control zone parallel to the direction of motion of the cas- 
cade. Since we are interested in the projections of the 
aerodynamic forces along the tangential and axial directions, 
respectively, we sha,ll consider the change ia momentum in 
these directions. In the axial diroction there is obviously 
no change in moiuentum in passin^^ through the cascade, since 
the axial velocity of the air throuf.h the cascade doos not 
vary, because of^ the constant dis'charge through the cascade. 
There thus remains to consider the change in momentum in 
the tangential direction. 

The nioraent-um at the eritrance is eqilal to the product 
of the velocity u by j^Qgec wl^ere '^sec volume 
of air flowing through per second. Substituting for Q,sec» 
the product of the axial velocity by the cr o fj s - s e c t i onal 'area 
perpendicular to the axial direction, we obtain for the 
momentum, at the entrance, the expression 

where u is the peripheral (or tan-ential) velocity, c 
the axial velocity, p the density of air, 2Trr/i the 
distance between the blades of the cascadu, since r ' is the 
radius of the cross section consid-sred, and i the number of 
blades; dr is the width of the blr.de element and hence the 
thickness of the flowin,^ layer of the m-^di-om. At the exit 
of the cascade it is necessary, in the e^;pression for the 
momentum, to substitute the difference between the peripheral 
velocity -and the component of the absolute velocity c along 
this direction, th^t is, the velocity of flow rotation Cri, 
Hence the momentum Pt the exit is eq.ual to the product 
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(u- c^) Cap — T-dr 



(2) 



The increase in the momentum in the direction considered 
is equal to the force denoted in figure 5 hy X. For the 
latter v/e thus obtain the expression 



X = u c. 



2VT 



dr - (u - Cy)- 



2Trr 
°a P — T" 



which simplifies to 



X = 



2 TT r c 



u 



P Og^ir 



(3) 



The quantity i is 

blade of the cascade, Thi 
lation is taken around the 
of the control zone. The 
constituted by the lines o 
sideration since the veloc 
equal and the circulation 
magnitude and opposite in 
the remaining parallel lin 



tht circulation* ^ about one 
s can readily be seen if the circu- 

contour formed by the boundaries 
parts of the contour which are 
f flov may bo excluded from oon- 
ities at corresponding points are 
ab JUt those lines are equal in 
direction. The circulation along 
es will be equal to 



2TTr . .2Trr' 2Trrcu 
r. = u ; (u-c^) = ^ 



(4) 



The above equation brings out the physical meaning of 
circulation; namely, that it is a measure of the rotation 
of the flov; behind a blade element. 

Making use of the concept of circulption the formula 
for the force X may be written as 



X = 



P ^i°a^^ 



(5) 



We shall now proceed to the determination of the other 
component of the resultant force at the blade; namely, the 
force Y directed along the axis. As we have seen, the 
momentum ahead of and, behind the cascade remains constant 



*The circulation is the limit 



where 
V may 



dl 

be 



is the length of an 
considered constant. 



u of the sum of elements vdl 
an element along which the velocity 
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in the axial direction. The force Y is therefore given 
'■fay the dif f erence ■ in..pres sur es ..a,head of and behind the cas- 
cade. Applying the equation of Bernoulli the following 
equation may he written for the total pressures at the corre- 
sponding points: 



+ p = p^ + p _|_ (6) 



The difference in pressures ahead of and behind the 
cascade gives the pressure head produced by nn element. 

Hel = I (wi^- wg^) (7) 

Substituting for and . ib the above formula, 

their values from the velocity diafirams at the inlet and 
outlet, we obtain 

Hel = f - (^-°u)' - «a^] 

or 

^el = P °u - °u/2) (8) 

From the pressure head Hg-j_ the force Y can readily 
be found by multiplying by the area 2TTrdr/i over which the 
pressure acts. V/e thus 'obtain 

2 TT r dr / 

y = p _ _ (g) 

or, substituting the expression for the circulation, 

T = p r. (^u - dr (10) 



Formulas (5) and (10), v/hich give the relation between 
the velocity components of the flow and the aerodynamic force 
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components, permit us to establish als'o the q^uant itat ive 
relation between the resultant' velocity Wj. , the resultant 
force P, and also the direction of the latter. In .formulas 
(5) and (10) there enter the axial velocity and the tan- 

gential component u - 0^/2. It is, therefore, natural to 
consider, as is shov/n in figure 6, the rectangle formed by 
these velocities and the rectangle of the forces X and Y, 
superposing for convenience the application point of the 
forces on the point from which the velocity components are 
drav/n. These rectangles are similar since the proportion- 
ality of the sides follow from formulas (5) and (10), the 
corresponding sides being X and Oa and u = Srom 
the similarity of the rectangles it may be shown that the 
diagonals are mutually perpendicular and have the same coeffi- 
cient of proportionality so that 

P = p r.w^ dr - (11) 

The velocity Wj. characterises the direction of the 
approach of the flow toward the blades of the cascade. The 
angle formed by this velocity with the direction of the pe»- 
ripheral velocity is, therefore, denoted as the effective 
pitch angle p. Since the force P is perpendicular to the 
direction of the flow, we may denote it as the lift force. 
The relation (11) may no\v be formulabed as follows: The 
lift force at a blade of the cascade is perpendicular to the 
relative velocity , Wp and is numerically equal to the pro- 
duct of the air density p, the circulation about the 

blade, the relative velocity Wj., and the width dr of the 
blade element. The v/ell-known Joukowsky theorem on the air- 
foil lift has been applied here, 

V/e shall complete our review of the performance of the 
blade element by determining the power that is necessary to 
impart to the element in order to obtain from it the required 
pressure head for a ^j;iven volume of air delivered. The power, 
as is known, is obtained by taking the product of the acting 
force by the velocity of displacement of the point of appli- 
cation, of the force. In our case, evidently, it is necess- 
ary to take the product of the force of magnitude X which 
'defines the resistance to the motion of the blade element by 
the velocity of motion "of the element u = r&Z. Denoting the 
req.uired power by making use of expression (3), we 

obtain 
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• - ■ 3Tr Tc^ . 

j^el " i p ca dr u (12) 

where the magnitude Sirrdr/i represents, as is clearly- 
seen from figure 4, the cross-sectional area of the flow, 
limited "by the action zone of one hlade of the cascade; 
Snrdr being the area of a ring of width dr (fig. 1) 
through which the flow at the given section p8,sses and 
S-TTPdr/i the portion of the ring aroa corresponding to one 
blade. Hence the product of this portion of the ring area 
by the axial velocity gives the volume of air flowing through 
per second 

r, - S TTr dr / •, „ \ 

q. = _ (13) 

Substituting the value of Q,i in expression (12) the latter 
may be written in the following final form 



Nei = P ^ii^u^ (14) 

G?he same formula might have been arrived at in another 
manner, by making use of the theorem on the moment of momentum 
and determining the pov/er as the product of this moment by 
the angular velocity O) : 



•l^el = Mel W • (15) 

To compute the moment Mq]_, v/e form an expression for 

the increase in_ momentum in the ta,ngential direction. This 
increase will be equal to the product to the" mass pQj^ by 
the velocity of twist c-^x\ hence 

Mel = P "^i^u^ (16) 



and 



¥ei = p Ciic^r 0) = p ^iC^u 
that is, the snme as expression (14)» 
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Finally the power developed by a blade element may be 
determined as the product of the maximum theoretical pres- 
sure head H^j^ by the discharge per second 

= E^^ q. (17) 

Comparing the above with expression (14), we obtain 

We may note that this expression for the maximum 
theoretical pressure head also arrived at by application 
of the Euler theorem which, as is known, is of general 
application. 

We have seen, however, that the pressure produced by 
a blade element is 

Sel = P°u - t) 

thus it is evident that the pressure produced by an element 
of the fan blade is less than the maxi;num possible theoretical 
pressure. The quastion naturally arises as to v/hat causes 
this loss in pressure and whether the loss is recoverable. 
The answer to this question lies at the very basis of the 
phenomenon. The imparting of power from the fan to the air 
and, as a consequence, the production of pressure is impos- 
sible, as we have seen, without the introduction of a twist 
component of the absolute velocity at the exit of the blade 
cascade, which compo,nent we denoted by c^^. The magnitude 
of the pressure head loss AH^ is obtained from the dif- 
ference 

^^rot = H^h - K = P - P ^u - 

and is equal to 



(19) 
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Equation (19) "brings out 'the physical meaninj^; of the loss 
under cons i-de rati on -and shows that this loss is recoverahle. 
The proceas of producing a pressure difference in the hlade 
cascade is accompanied hy the formation of a potential pres- 
sure source in the form of a dynamic pressure head 

corresponding to the twist component. By arranging hlades 
of special construction (guide vanes), "behind the cascade, 
it is possi"ble, in general, to reconvert the dynamic head 
of the rotational component into a useful head. In the 
case of a"bsence of such vanes not all the power imparted to 
the fan is converted into useful power. There thon arises 
the need for introducing the efficiency of the tvfist n^* 
The expression for the. twist efficiency may "be o"btained as 
followS;, In the presence of tw.ist the pressure' produced "by 
an element of the blade, as we have found "before, is equal 
to 




The ma,ximum theoretically possi"ble pressure is equal to 

^th = P ^^^^ 

The efficiency is naturally equal to the ratio between 
the two 

. ^ = _ 

p c^ u 

which reduces to 




(20) 



which enters into the ^^eneral formula for the efficiency of 
a blade element. 

With this v/e may conclude the review of the relations 

which we have derived from general mechanical theory for the 
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computation of a tlade element. Jife may remark again that 
all of these relations have "been derived with the effect of 
friction neglected. V/e shall return to the question of the 
effect of friction in paragraph 4. 

3, Computation of the Jan Blade Element with the Aid of 
the Coefficients of Experimental Aerodynamics 

In moving through a viscous liquid the "blade experi- 
ences a drag as well as a lift force. Thus, as shown in 
figure 7, the resultant of the aerodynamic forces deviates 
somewhat from the direction perpendicular to that of the 
velocity of approach. Experimental aerodynamics provides, 
as is known, methods for experimentally determining the 
forces arisin^'^ at the wing, the rosiiltant force E not 
heing directly, 'but indirectly, detormined by its lift and 
drag components, P and L, respectively. 

In order to he able to compare the aerodynamic forces 
for wings of various shapes and dimens ions , experimental 
aerodynamics makes use of nondiraens ional coefficients; namely, 
the lift and drag coefficients Cy and Gy.» We may note 
here that these coefficients are differently denoted in the 
literature of the different soarces. To avoid confusion we 
shall denote the coefficients defined by the new method by 
Cxnew '-'ynew* respectively. The formulas for passing 

from one notation to the other are 

y 200 

200 

By means of the co e f f i-c i en t s and Cy the force 

components arising at the wing in the direction of approach 
and at right angles to it can be computed. The drag and 
lift forces are, respectively 



(23) 
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P = Oy p^^bV 



(24) 



where % is the span and b the chord of the wing. 

We see, however, that for the purpose of computing 
the axial fan it is not these two components but rather 
the components in the tangential and axial directions that 
are of interest. It is natural to define nondimens ional 
coefficients analogous to the lift and drag coefficients by 
means of which the components of the force along these 
directions for a given profile for any dimension and at any 
angle of atta.ck can be found. We have denoted the coeffi- 
cient by which the axial component is obtained as the pres- 
sure head coefficient "K^, and the coefficient by which 
the rotational component is obtained as the pov/er coeffi- 
cient K-^. Since the coefficients Cy , » and 

are proportional to the corresponding forces P, L, Rh 
and Rjj we me^y find the relations between these coeffi- 
cients by considering the pr o j o o t i o as of the forces in the 
axial and tangential directions and denoting the corres- 
ponding coefficients by the subscripts a and u, respect 
ively. Considering figure 8 and ramemboring that the pro- 
jection of the resultant is jqu-.l to the R.lgebraic sum of 
the projections of the components and dropping the magni- 
tude Pw^^l entering as a common factor in all expressions 
we may write at once 



K 



= C 



- C 



a 



7 



a 




are equal to the 



°ya = °y ^ 



a 



Cx sin P 



and hence the pressure hea,d coefficient 



K, 



a 



= C COS p - 



sin p 



(25) 
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By analogous considerations we determine the pov/er 
coefficient Z . Using the subscript u to denote the 
projection in the tangential direction we find 



+ c. 



u 



u 



er 



E = 
u 



y 



s in p + 



cos p 



(26) 



The values of Kg, and K^^ evidently depend on two factors 

na'mely, the angle of .--ittack an.d the effective pitch angle. 
Since we have seen that the effective pitch angle for aia 
axial fan varies .ve'ry much with the radius of -the element 
considered it is of advantage, before proceeding to the 
computation, to construct graphs of the pressure and power 
coefficiants for the req.uirv:'d range of' angles. Such graphs 
are given in appendix I for the three basic profile section 
used in the construction of the axial fans of the CAHI type 
These profiles -ire the following: 



1. A series of English propeller profiles of various 

thickness suited for cast metal construction or for hollow 
blades fastened or welded of two halves with inside re- 
inforcing rod 



2, Metal 
struct ion; 



curved blades suitable for sheet metal con- 



3. Symmetrical profile suitable for reversible fans 



to encumber 
the Ka 
profile 

maximum 
and K 



In order not 
a sample graph of 
English propeller 
that is, ratio of 
to 0,1. The K 

represent a family of curves analogous to the lift 



u 



the text unduly we present 
and K'u. coefficients for the . 
section of relative thickness 6, 
thicknessto profile chord e q^ual 
curves given in figures 9 and 10 



The 
the 



curves are 
pitch angl^ 



plotted 
i 3 as 



against the 
pa,r ame t ar . 



angle of attack 



curve s . 
a with 



In a.nalogy v/ith the efficiency of an airfoil Cy/ C 



the ratio K^/K^ may be denoted as the efficiency of a fan 
blade element. It should be noted, however, that the fan 



NACA' Technical Memorandum No,-lQ42. 



15 



"blade' efficiency does not completely characterize the 
economy of the 'f^an-and enters, .as w,e shall see 'below, as 
one of the factors of the so-called profile efficiency 
of the fan,. The ratio K^/K^^ is a measure rather of the 
pressure developable by a fan blade, Figure 11 gives a 
family of curves V - KgjK^ of a blade element as a function 

of the angle of attack for the same English propeller pro- 
file section v/ith relative thickness 6 = 0.1. 

With the aid of the coefficients K„ and K„ the 

pressure and power of a blade element. of the fan are read- 
ily determined. The thrust of a blade element or the 

reaction force equal in magnitude and opposite in direction 
is expressed by the product Kg^ pw^j^b dr where b is 

the chord of the blade element, dr its widti;. Dividing 
this product by the area of the ring over v/hich the element 
acts, equal to Sirrdr, v/e obtain the pressure produced by 
the element 



2 TT r 



Similary the force resisting the rotation of the element i: 
given by the product 



and the corresponding rotational moment by 



K„D -b r dr 

u- m 

Hence the power, which it is necessary to supply to rotate 
the element, is equal to 



^el = ^u P ^m^ r <ir 

where CO denotes the angular velocity of the element. 
Hemembering that ro) is equal to u - the peripheral 
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velocity of the element - the formula for obtaining the 
power of the blade element may be written as follows: 



. ^el = P ^m^ ^ (28) 

To the pressure and poifer formulas there should be 
added the formula for the discharge for each blade element. 
Prom the velocity polygon (fig. 2) it is clear that the 
axial velocity is 



°a = ('^ - ~) P (29) 



and hence the discharge 



iel ~ 2 TT r dr = 2 TT r ( u - -Ji] tan 3 dr (30) 



The introduction of the pressure and power coefficients 
Zg^ and very much simplifies the analj'sis of the theo- 

retical fan efficiency. To obtain this efficiency, we make 
use of the vfell-known general formula for the fan efficienc;?' 



(31) 



where ^ is expressed in cubic meters per second, H in 
millimot.')rs of water or kilogram por square meter, 17 in 
kilogra,m-motors per second. Substituting in the above 
formula the values of the discharge, pressure, and pov/cr 
for the blade element from relations (27), (28), and (30), 
v/o obtain 



( °u . « . „ o 'b 



■■J tan p dr Ka P ^-^^ 
%1 = 
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and simplifying 

^el = tan p — (32) 

where the ratio (u - c^/2)/u. denotes, as we-have seen, 
the flow twist efficiency. The expression 

Ka 

^ tan 3 =.Tip^ (53) 



maylse denoted as the profile efficiency of the fan "blade 
element. 

V/e concl-ade onr consideration of the computation 
formulas for the 'fan blads eleirent thot vrefe obtained with 
the aid of the fundamental experimental coefficients and 
proceed to compare these formulae with those obtained on 
the basis of the general theorems of nechanics. 



4, Comparison of Comput.rit ion Formulas 

for the Blade Element 

As already pointed out ths fundamental difference 
between the formulas obtained from the general theorems 
of mechanics and those derived on the basis of experimental 
coefficients consists in the fact that in the former, the 
factor of friction is not ta.ken into account. The presence 
of friction gives rise to additional rotation of the flow 
behind the blade element. The question arises whether it 
is possible to take the effect of friction into account 
by simply substituting a larger value for c^ in the form- 
ulas derived on the basis of the general theorems of mech~ 
anics. ViTe shall answer this question in detail for each 
of the magnitudes considorad*, namely, the power, air dis- 
charge and pressure. 

By the ve?y method of derivation of the formula for 
the power it is clear' that such a substitution is entirely 
justified. The expression for the power was obtained from 
the momentum imparted per second to the rotating flow. It 
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is otvious that in this expression for the momentum it is 
necessary to substitute a greater value of the rotational 
velocity c.jj which occurs with the presence of friction. 
Thus the formula 



Nel = P <ii^-o.'^ 



(14) 



may also he applied in the case of friction, , 

It is ohvious that the formula for the volume flow 



,1 = - - 



tan p I" 



ring 



(34) 



remai'ds true 
direction is 



also for the case 
determinad "by the 



of friction since the flow 
actual value of c■^. The 
case is otherwise with tho pressure hoad. As in the ideal 
case and also in the presence of Triction the 
mains proportional to the product 



pr3ssure re- 



In the presence of friction, it is of course, incorrect to 
put 



H 



el = P ° 



since the friction evidently leads to a loss in pressure 
head. On account of the above proportionality we may set 



^el 



K 



fr P 



(35) 



It is not difficult to see that the factor Kfr defines 



It IS not difficult to see that the fa 
the profile efficiency of the hlade element 



j^fr 'Hpr 



(36) 
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If in the ideal frictionless fluid the same rotational 
velocity c^ .at a..gtven angle of attack were produced, 
as in the case of friction, then for the same discharge 
the pressure produced "by the fan would "be 



H = 



\ 



since the values of the discharge and power vrould he equal 
,to the values obtained in the case of friction the profile 
'efficiency of the fan v;ould he given tj t ho ratio of pres- 
sures; that is, 



K 



f r 



TJ 



'pr 



/ ^ a \ 



(37) 



It is thus clear that Kf^ = Tipr* formula for the 

cO'nputation of the pressure may then be written as follows: 



pr 



r 

0.. [ u - 



2 J 



(38) 



A somewhat different method for arriving at the cor- 
rection for the effect of friction is that given by K. 
Ushakov (reference 1.) His method is essentially the 
follovring. Assume at our disposal an ideal smooth pro—' 
file geometrically identical with the given real profile 
and let the former develop, the saipe lift which the real- 
element would develop. The pressure head '3-±^ developed 
by the ideal profile will be somewhat greater than H ' 
devel9ped by the real airfoil on account of the presence 
of friction. Denoting the correction coefficient by 



"•pr 



we may write 



H.- = HK 
xd pr 



(39) 



The magnitude of the rotational component c 



^id 



correspond- 



ing to the ideal case (and hence also the value of the cir- 
culation ^ i^) fflay he found from the relation 
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• = p c^i^ 



(40) 



With the circulation T known, the width h of the 
element for the real "prof ile . section can be readily com- 
puted. Comparing the expression for the lift for the ideal 
and real profiles we shall have 



id m 



I? = Cy P "'m® ^ dr 



(41) 
(42) 



Equating the right sides of the two equations we obtain 



id 



Cy ^ ^m 



(43) 



whence 



h = 



id 



(44) 



It is of interest to compare the tv/o methods of in^ 
troducing the corrections for the computation of the effect 
of friction and to show that both lead to ident ical ' results. 
We shall, make this comparison by analyzing' the force diagram 
for a blade element (fig. 12), For simplicity we shall 
denote the forces by the coefficients corresponding to them 
since, a.s -we have already shov;n, the ratios of the forces 
are proportional to the ratios of the coefficients. 



'U 



According to the first method, that is, assuming that 
in the ideal case the same rotational component 
produced as in the case-o-f friction, we 
the ideal case the pr6jection of C 
direction is 



yid 



is 

must assume that in 
in the tangential 



^uid " 



(45) 
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This condition can he satisfied only for the case that the 
segment " .= 'C^ j^jj. The segment AB = K^^^ will then 

evidently correspond to the pressure which would he oh- 
tained in the ideal case. The actual pressure, hov/ever, 

is that determined by the coefficient K , Hence the ratio 

a 

^a/^a id determines the profile efficiency of the fan blado 
•element. 



^a 



Ka id 



But = cot 3 (fig. 13) I hence 



= ri-_ (46) 



'pr cot p 



or 



Thus we have directly arrived at the saliie expression for 
the profile efficiency of a hlada element as \irould have heen 
ohtained starting from the general formula for the efficiency 
of the hlade element. - , 

According to the second method based on the fact that 
the effect of the friction is to give rise. .to the vector 0^ 
the efficiency of the hlade element is impaired both on 
account of the loss in pressure and chiefly on account of the 
increase in power. Prom this point of view the ideally pos*- 
sible pressure is given by the magnitude of the segment MN 
equal to Cy cos P and the required power for the case of 
absence of friction by the segment OS = Cy sin p, the pro- 
file efficiency then being e^ual to one, V/ith friction pres- 
ent the pressure is determined by the magnitude Kg_ and the 
power by Hence, diie to the drop in pressure, the cffi- 
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due to the 
Thus the 



ciency varies in the ratio Kx/Cy cos p , and 
increase in power in the ratio Cy sin P/K^. 

profile efficiency, which in the ahsence of friction is 
equal to unity, will in the presence of friction be eq.ual to 



'pr 



= 1 



K. 



Cy COS , P 



Cy sin p 



K 



u 



(47) 



or 



'pr 



tan p 



u 



(33) 



so that we see that the second method leads to the same 
result as the first. 

We may note, from a consideration of the forces arising 

at the blade element, that a coefficient K„ can he com- 

°u 

puted which permits passing from the ideal rotational com- 
ponent to the real component that takes friction 

into account. The values of c-^ are proportional to the 

powers and the latter are proportional to the projections 
of the corresponding lift coefficients in the peripheral 
direction. With this in mind it is clear that 



u 



K 



u 



°u id Cy sin p 



'U 



(49) 



'it is not difficult to see that the reciprocal of this ratio 



is the correction coefficient K 



pr • 



Thus 



pr 



where 



K 



Cy cos 



1 - p, tan p 



(48) 



Cx 
C^ 



For good profile sections the value of Kpj. differs very 
little from unity. 
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I 

SulJstituting for its value in terras of Cy and Ox» 

' > we have ~« . . , . _ . . . 

11 
h 

ti 

Cy sin $ + Cx cos p 
°^ Cy sin p 

1 whence, denoting "by \m the reciprocal of the wing effi- 

i ciency, we obtain 



K 1 ^. (50) 

" t an p 



V^ith the above, vie conclude our considerations that 
take account of the effect of friction on the performance 
of the blade element of axi a:cial fr.n and proceed to con- 
sider the physical "basis of tho fen performance as a whole. 



II. PHYSICAL 3ASIS OF PA^ P ^RP OEJ-IAHCE 



1, General Observations 



Our object, in the present section, is to build up 
a model which will provide us with a clear understanding of 
the physical nature of the phenomena that occur during the 
fan operation, neglecting for simplicity certain of their 
details. The model will be obtained from a consideration 
of the flov/ pattern at the fan inlet. We shall firs.t, how- 
ever, make a few general observations, 

The first of these is in connection uith the history 
of the problem. An axial fan of an improved type was first 
constructed under the supervision of U. Joukovsky as f ar back as 
1913. This fan was designed by the vortex theory developed 
by Joukovsky, Since that time tho design of axial fans of 
the CAHI type has not undergon.e any essential modifications 
until recently when certain corrections were introduced in. 
the physical considerations by Z. Ushakov (CAHl). We shall 
follow the latter in our discussion. 

The second observation, is in connection with the fan 
inlet conditions. One of the fundamental characteristics 
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of axial fan operation is that" the lines of flov are 
parallel to the fan axis at the inlet. When the fan 
operates in a cylindrical casing the ahove condition is 
observed only for smooth entrance - vrith the aid of a 
collector at the fan inlet. The following discussion 
refers only to fans for which good inlet conditions are 
assured. All the tested fans were correspondingly pro- 
vided with collectors, 

A very strong' effect on the performance of the axial 
fan is exerted "by the clearance "between the whe'el and cas- 
ing. The presence of a clearance leads to a considerable 
drop in the pressure produced by a fan. In view of the 
fact, however, that up to the present no satisfactory 
axial fan theory has been developed that takos clearance 
into account the conclusions of the present paper will, 
strictly speaking, apply to fans with negligibly small 
clearances. Through the introduction, however, of a 
corresponding empirical coefficient it will be possible 
to take into account the loss in pressure and practically 
apply the results of the present paper to the computation 
of the fan characteristics vrith the clearance between the 
wheel and casing taken into account, 

2, plow Pattern at Inlet to Pan 

In considering the flow pattern at the inlet and later 
at the outlet of the fan we shall be interested in the ve- 
locity and pressure distributions. From a consideration 
of the flow picture at the inlet to the fan (fig. 2) we find 
that where the flow is not disturbed by the blades of the 
cascade the lines of flow are parallel. The velocity vectors 
at a certain distance ahead of the fan are parallel to the 
fan axis since the're are no forces that could bring about a 
curvature of the 'lines of flow ahead of the fan. The pres- 
ence of the blade cascade, as is shov^n in figure 3, disturbs 
the parallelism of the lines of flow only at a very small 
distance ahead of thn cascade. may thus state the first 

physical charac t"er i s t ic of the axial fan performance; namely, 
that the flow ahead of the fan has no rotation. 

On figure 2 arc drav^n, for all cro s s-s act i ons under con- 
siderations, the velocity parallelograms at the entrance to 
the bla,de cascade. At all thcso parallelograms , owing to the 
fact that the flov/ ahead of the fan has no curvature, the 
axial components Cg, of the relative entrance velocities 
are the same for all sections. The relative velocities w 
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themselves for all hlade elements are different, however, 
.s.inc.e, cojuEonents of these velocities in the tangential 

direction vary. It is clear from figure 2 that the relative 
velocity increases as the blade periphery is approached 
"because of the increase in the rotational component. This 
fact constitutes the second characteristic of the performance 
of .an axial fan. Since the flow ahead of the fan is not 
curved, the static pressure remains constant for all sections, 
which fact constitutes a third characteristic of axial fan 
performance. 



3. plow Pattern at Pan Outlet 

prom the consideration of the performance of each blade 
element of the axial fan v/e h^ve seen that the transfer of 
power from the hlade elemon-t to the pir is not possible with- 
out imparting a rotational compono:it to the air "behind the 
element. The rotational compojient c.j for each blade element 
is directed along the direction of motion of the cascade and 
hence is a vector tangent to the cj'lindrical surface formed 
by a given element and s imult rno oug ly a to.ngont in the plane 
perpendicular to the fan axis. It is thus clear that the 
flow particles behind the far. possess in addition to a forward 
velocity Cg^ a rotational velocity c^^^ about the prolonged 
axis of the fan. Due to inertia this rotational component 
tends to be maintained indefinitely and vanishes in a real 
fluid only because of the presence of friction, a fact which 
constitutes a fourth characteristic of axial fan operation. 

Again, in considering the operation of a blade element, 
we have seen that the same blade section used for the con- 
struction of the blade element may produce a different 
rotational component of the flow depending on the blade angle 
at which it is set. Since each blade element produces its 
own component c^^ it is necessary to consider whether the 
velocity distribution c^ for the various blade elements may 
be arbitrary for the performance of the fan as a whole, es- 
pecially if it is desired that the flow enter the fan along 
cylindrical surfaces coaxial with the fan,* Under v/hat con- 
ditions this restriction in the twisted flow is observed will 
become clear from a consideration of tho forces that arise. 



*We should note that only for this restriction are the formulas 
derived in the previous section for the blade element com- 
putation applicable. 
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In a flow with rotation, centrifugal forces- arise 
under the action of which a cros's flow' may occur, from o,ne 
concentric layer to another (we assume layers of equal flow 
disciiarge). This cross floy under the action of centrifugal 
forces can occur only for a definite relation of the pres-- 
sures at the^-layers considered such that the centrifugal- 
forces will^De balanced hy the differences in pressure. 
Since in a fluid flow the pressures and velocities are con- 
nected with each other (through the Bernoulli equation) the 
pressure ratios at which there will be no cross flow will 
correspond to a definite radial distrihution of the rotational 
component. It is found that in this cas.e the velocities Cu_ 
are inversely proportional to the radius; that is, that 

r c^ = constant (51) 

Since this law is of cardinal importance for under- 
standing axial fan operation we shall give a hrief derivation 
of this relation here, re s t r ic t i n,^ . our s el ve s because of the 
lack of space, to the fricbionless ideal fluid. We consider 
two neighboring sufficiently narrow concentric fluid layers 
rotating according to the law r c^^ = constant (fig. 13) » 
The pressure in the outer layer should Ije greater than that 
in the inner since it is the excess pressure in the former 
that produces the centripetal forces that make the fluid 
move along a curved trajectory. The centripetal force may 
be computed as the product of the mass of the layer by the 
centripetal acceleration. The volume of the outer layer is 
given by the product 



2 rrr dr I 



v;here I is the thickness of the rotating layer above the 
plane of the sketch (fig. 13). The mass of the layer is 



dm = p l 2 TT r dr (52) 

If the rotational velocity is c^ the centripetal acceler- 
ation is 
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The centripetal force is, therefore 



P = 2 TT p lc^8 dr 



(54) 



The pressure difference dp between the layers is found 
"by dividing the centripetal force "by the contact area of 
the layers. Since the latter area is equal to Sirrl, we 
obtain 



The pressure difference may also he obtained by applying 
the Bernoulli equation to the curved flow in the layersunder 
consideration. In doing so we make the following very im- 
portant assumption*, namely, that the constant entering the 
Bernoulli equation is the same for all concentric layers.* 
From the followin'^ c on idcr e 1 1 on s it will appear clear that for 
this assumption, equilibrium in the rotfiting fluid is main- 
tained: that is, there is no cross flow from one layer to 
the next. 

The static pressure, or simply, the pressure in the 
outer layer should, as we hnve seen, be greater than the 
pressure in the inner layer. Hence, in vievi of the con- 
stancy of the constant in the Bernoulli equ3,tion, the ver- 
locity in the outer layer should be lass than that in the 
inner. The velocity increment should thus be taken 

negatively. This explains the apparently paradoxical fact 
that in the following expressions for the pressLire difference 
dp between the layers a minus sign stands before the right 
hand side of the equation. 

Denoting the velocity in the outer l8,yer by c^ we 
should, according to the generally accepted rule, denote the 
velocity in the inner layer by c„ - dc , ** From the 



*This assumption is actually valid for a fan with pressure 
^th ~ P "^u constant along the radius. 

**Again we emphasize that an error in the sign before d 
in this expression leads to an entirely incorrect result. 
The minus sign is taken before dc^ because we pass to a 
layer of smaller radius. 



dp = p 



dr 



(55) 



r 
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ecLuation 

P„,..„ P ^ = Pinner * P 'Z""'' (S6) 



we obtain, for the pressure difference dp after removing 
the parenthesis and combining similar terms, the following 
relation (neglecting jdCTij ), 

outer inner u u 

Equating the above expression to the one earlier obtained 
for the pressure difference, we find 



c ^ 

p dr = - p c^i dc^ (gg) 



Dividing by pc^^ and separating the variables 



Cu _ _ ^ 
dc^ dr 



(59) 



Integrating, we have 

In Cy^ = - In r + constant 



or 



In Cy^ + In r = constant (60) 

The sum of the logarithms on the left hand side of the 
equation is equal to the logarithm of the product 

in (rCy^) = constant (61) 
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or 



rc^ = constant (62) 

Thus we have proven the required relation for a fluid with- 
out friction. Since, however, the effect of the internal 

friction for the fluid under cons iderat i on;- namely , air,, 
is smallr.~it may be assumed that the rotational velocity 
distribution along the radius for air does not deviate much 
from the law ^c^^ = constant. There is merely a small 
change in the constant. In "fact we have already seen in 
considering the effect of friction on the psrformance of a 
blade element that the rotation of the flow increases in 
the presence of friction. Denoting this increased rotational 
velocity, due to friction by c^^, and the rotational velocity 
under otherwise equal conditions, without friction by °u icL» 

then evidently rc-u. > rc^^i^. 

Thus we have shovrn that in the rotatin'^ liquid there 
is no flow along the radius if the Bernoulli constants for 
the various layers are the sj'me. 'Jo may note that the same 
restriction remains if p.ll the pr^rticles simultaneously 
possess a forvrard motion with the sr.me velocity. In this 
case the Bernoulli equation becones 

ci s 



Pi + P = Ps + P -f- (63) 



where and Cg arc the resultant velocities. Since, 

however , 

• „ £ll ^ul^ 
P 2 ■= P 2 P ~2~ 

a.nd 

3 ' 3 2 

° 3 ° a , Pus 

= p -— + p 



2 '2 ^2 



equation (63) may be rewritten 



p, + p £^ = P3 H- p 2a! + p £2is! (64) 
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Dividing through "by we arrive at the same condition 

which we assumed in deriving the law tc-^ = constant. 

It is clear, from this, that if we lAfish the flow through 
the fan to pass along cylindrical surfaces coaxial with the 
fan, we should give the "blade elements a setting such that 
the rotational components produced hy the elements obey the 
law rcy^ = constant. Since the choice of the "blade angles 
of the elements is at our disposal we may consider that this 
choice has, in general, "been made. 

We have seen that the presence of a rotational component 
behind each blade element is characterized by the presence of 
circulation about the given element. 

r/=i^- (4) 



Thus, the condition rectuiring that the blade element be 
chosen such that the rotational velocities obey the law rc^= 
constant is equivalent to the constancy of the circulation 
along the blade. Since the magnitude of the circulation may 
be taken as a measure of the twist of the flow we shall deter- 
mine the circulation. Since the latter about any contour 
around the axis of rotation is the same, we may choose the 
most suitable one, which is a circle of radius r. Evidently 



r = 2 Trrc^ 



A fact to be observed is that the circulation in the rotational 
flow behind the fan is equal to the circulation about one 
blade multiplied by the number of blades. It is thus possible, 
from the circulation about one of the blades of the axial fan, 
to obtain the entire circulation of the flov/ behind the fan. 
It is for this reason that we present the so-called vortex 
theory first developed by il, Joukovsky which has been so fruit- 
ful of results. The advantage of the following theory is that 
it permits a very simple treatment of axial fan operation as 
a whole. 



4. Vortex System of Axial Pan 



It is known that if the circulation along the wing, or 
as in our case, along the fan blade, is constant the wing or 
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■blade may be replaced by a single resultant vortex whose 
circulation is equal to that about the wing or blade. The 
question arises as to whether the resultant vortex ends 
abruptlyat the blade boundaries or whether it continues 
beyond these limits. V^e emphasize the importance of this 
question since, at first glance, it is not clear how the 
vortex arising at the blade can exist beyond its limits. 
We have seen, however, that the blades of the fan_ produce 
behind it a rotation of the flow, which in a frictionless 
fluid, on account of inertia, is extended infinitely behind ^ 
the fan. This rotation, behind the fan, may be considered 
associated with the vortex, or more accurately, the vortex 
"braid," which is the resiiltant of the vortices of the in- 
dividual blade elements. In fact we have seen that the 
circulation in the rotational flow behind the fan is equal 
to the sum of the circulations about the blnde e.nd this 
condition is observed v;hen a number of vortices are combined 
into a single vortex. 

In viev/ of this the vortex sy3t-"^ni of bho fan may be 
represented a,s shown in figure 14. The resultant vortices 
which replace the blades do mt break off here at the hub 
but rotate by 90° and combine, bshind the fan, into a single 
vortex which then oxtends infinitely far behind. It is 
natural to suppose that the r.-'Pultant vortex does not also 
break off at the other end or ihe bl;::d3 and is ca.rried along 
by the flow in the form of a Irno vortex as illustrated in 
figure 15, This is actually the case if the ftm operates 
without a casing or if there is a sufficient clearance 
between the fan and casing. Because of the difference in 
pressure ahead of and behind the 'fan a flow takes place r-.cross 
the tip of the blade due to the clearance and gives rise to 
the vortex line shown in figure 15. I.t is evident that the 
smaller the clearance the weaker mHI ije the flow and in the 
limit, when the clearance becomes infinitely small, the vortex 
line springing from the blade tip vanishes. In this case the 
resultant vortex continues downstream supporting itself against 
the wall. The effect of the clearance on the operation of the 
axial fan is, in general, very small but as v^e have shown" may 
be taken into account by the introduction of a correction 
coefficient to the pressure head developed by the fan. In 
all theoretical computations we shall consider the clearance 
as vanishingly small and make a correction for the clearance 
only when illustrating concrete computation examples, Por 
this reason, in, our vortex system for tho fan, ^'g have pre- 
sented the vortices replacing tho fan blade as breaking off 
at the casing walls. 
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5, Pressure Distribution in the plow Behind the Fan' 

iiTe have shown that radial flow in a rotating fluid is 
absent if the condition rcu = constant is observed. In 
deriving this relation we have seen that thepressure in 
the inner of tuo neighboring layers is less than that in 
the outer layer. The difference in pressure is balanced 
by the centifugal forces arising in the inner layer. Gen- 
eralizing this conclusion we may say that the pressure in 
a rotating flow behind the fan drops as the fan axis, or 
the vortex axis behind the fan is approached. By comparing 
the, pressure distribution behirwi the fan with the distribution 
ahead of it, we may conclude that the pressure drop • developed 
by each blade element of the fan decreas-es as the hub of the 
fan is approached, since the pressure over the entire cross- 
section ahead of the fan' is constant, Ihe fifth character- 
is.tic of the axial fan operation may be, therefore, formu- 
lated as follows. The total pressure head developed by the 
blade elements* is not uniformly distributed over the fan disk 
but gradually decreases toward the hub. We may note that the 
above statement does not contradict the view as regards total 
pressure of the fan as a whole as being the difference in 
pressures ahead of and behind the fan taken in the absolute 
flow. The flow is deflected by the fan in a region where the 
same pressure prevails and, therefore, the head actually pro- 
duced by the fan is determined by this difference in total 
pressures. It is merely necessary to keep in mind that the 
total pressure produced by the fan as a whole is somewhat 
larger than the mean pressure which we would obtain by add- 
ing the pressures produced by the individual blade elements,** 
There must, therefore, exist an additional source of pressure. 
We shall show that such a ^ourste appears in the flow rotation 
produced by the fan, vrhich operates like a centrifugal fan. 

We have already shown that, notwithstanding the difference 

in pressures at the periphery and center, rs spec t iv sly , of the 
rotating stream, no radial flov; occurs 'from the periphery to 
the center. There is also no radial flov; in the rarefied 
region lying immediately behind the fan oiits'ide the rotp.ting 



The pressure head of an element may be defined by the dif- 
ference in static pressures ahead of and behind it. It may be 
considered as the total pressure in view of the constancy of 

and hence also equality of the dynamic pressure at inlet 
and outlet, 

•*This mean pressure may be arrived at in the following way. 
Determine for each element the thrust, integrate and find the 
resultant of the individual thrusts, that is, the fan thrust, 
and finally divide this thrust by the fan disk area. 
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medium. The absence of such flow may he explained by the 
f'act that i'K t-his in^terval an additional pressure head 

is developed from the latent source in the form of dynamic 
pressure of rotation. This will "become especially clear 
from -the curve of pressure "behind the fan. This curve is 
constructed hy laying off the radii of the hlade cross- 
sections considered along the axis of abscissas and the 
corresponding pressures along the axis of ordinates. Fig- 
ure 16 shov/s an example of such a curva obtained by com- 
putation for one of the fan operating conditions considered 
below. The curve shows, first of all, that the value of 
^th ~ P°u ^ ^® considered equal for all of the fan blade 
e lement s ; 



= P U = p 03 rc^ (65) 

where p and W are constant and rc^ is constant, in 
view of the law of constancy of the circulation* In order 
to obtain the rated total pressure H developed "by the fan 
blade elements we should deduct from H^j^ the dynamic pres- 
sure of the rotating flov. It will be remembered that the 
value of the rated pressure head is determined for each 

blade element by the formula 

H = p c., ( u - — } (66) 

comp'^Ti\ 2 J \ ^ I 



The pressure head H is somewhat less on account of the 
pressure losses due to the profile drag of the blade. We 
have found that H is given by 




(38) 



The value of the velocity of rotation c^^ increases with 
decreasing distance from the blade hub; pc^^/2 likewise 
increases and hence decreases. The va.riation in Hq 

is clearly seen on the pr e s sur e^ cur ve , V/e may note that the 
curve H is a parabola vrith vertex lying on the maximum 
blade radius eq_ual to the fan radius, the axis of the par- 
abola being parallel to the axis of ordinates. The pressure 
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H- actually developed by the fan and determined "by formula 
(38) lies somewhat b-elow the. curve Kq;, In figure 1& it is 
represented "by a dot' - dash, curve , The figure also gives the 
curve of total fan pre.ssure shown by. the dotted curve as 
obtained from experiment. This latter press-ure is denoted 
by- Hte'st* I* ovide'nt that the difference be-tween the 
test pressure and th-e pressure E for wTaich the individual 
blade- elements are co'mputed is due to the -dynamic pressure 
of rotation, 

We now proceed to explain a 'fact which is fundamental 
for the understanding of axial fan com5)utat-ion. On figure 
16 it is noted that the curves ^ .j. and H meet at the 
blade tip element. In other words the pressure difference 
ahead of and behind the tip element is entirely produced 
•from the pressure head H developed by this element. That 
this could only be the case will be clear if it is considered 
that the static pressure behind the tip element cannot be 
equal to the atmospheric pressure, or more accurately, to 
the 'pressure in the rotating medium behind the fan. Prom 
the fact that there is an increase in the static pressure 
produced by the tip element from the lev/ pressure ahead 
of the fan to atmospheric pre'gsure and .the dynamic pressure 
arlec&sS!^^i'£i^ti-A behind the fan'^is the same because of the con- 
stancy of the axial velocity c^^,^ it follows that 

Htest = ^tip el (67) 

both of these pressures being, in fact, determined by the 
same equation 

where p^ is the pre'ssu,re immediately ahead of the fan. 

The fact that the pressure of the fan as a whole is equal 
to the pressure produced by the tip element constitutes the 
sixth characteristic of the axial fan operation. 

From figure 16 it. is seen that onl-y a part of the 
dynamic pressure of rotation is lost;, namely, that develo.ped 
by the blade tip element* To avoid this loss, or more 
accurately, to utilize a part of the loss dynamic pressure, 
is possible only .thr'ough the use of guide vanes. 
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The credit for pointing out the presence of a low 
pressure region liehind the axial fan produced - b-y-.t-h-e-r os- 
tation of the flow and the impo s s ihi 1 i ty of considering 
the fan thrust,* as equal to the product of the pressure 
by th-e fan disk area, as well as for introducing changes 
in the computation of the axial fan in connection vrith 
the fact that the pressure of the fan as a whole is equal 
to the pressure of the "blade tip element belongs, apparently, 
to Z. TJshakov (CAHl), since other authors either have not 
sufficiently brought out these facts or have permitted 
errors to enter. Among the mistaken statements is the one 
that all the elements of the fan blade can develop the con- 
stant total pressure H, a statement which is equivalent 
to the incorrect assumption of constancy of tho static 
pressure behind the fan. 

In concluding this section wo may briefly' summarize 
the characteristics of .-^.xial fan operating at the rated 
operation condition: 

1» The flow ahead of the fan is without rotation, 

2, The relative velocity of the flow through the fan 
increases from tho center tow;ird the periphery, 

3, Tho static pressure aho?id of tho fan remains con- 
stant along the blade. 

4, The flow behind the blade possesses rotation, the 
rotational velocity following the law rc^ = constant, 

5, Due to the rotation of the flow behind the fan the 
static pressure cannot be constant but decreases toward the 
hub. This results also in a decrease in the pressure de- 
veloped by -the fan elements, 

6, The general pressure produced by the fan is equal 
to the pressure of the blade tip element. 

III. GElTEHALIZATIOSr OP PHYSICAL BASIS OF AXIAL FAN OPBSATIOII 



In the present section we shall present, briefly, some 
basic considerations which permit us to proceed to the com- 
putation of the axial fan for operating conditions other 
than the one for which the fan is computed. 

♦By the thrust of the fan is understood the resultant of the 
force arising during fan operation in the direction opposite 
to the flow. 
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The fundamental simplification underlying our method 
of computation of the axial fan is the assumption that the 
law rc^ = constant -approximately the law of constancy 
of the circulation along- the "blade - remains valid for all 
operating conditions within the. interval of normal blade 
angles, (up to Cy max) that this law is applicable also 

for smaller number of blades (removal of some of the blades). 
The . trans ition from one operating blade angle to another is 
characterized by a change in the value of the constant in 
the law rc.^ = constant, or in other words, by a change in 

the magnitude of the circulation about the blade, the circu- 
lation being maintained constant along the radius. 

Due to the lack of time there have been, unfortunately, 
no means at our disposal for -checking the possibility of the 
application of the above assumption by the direct determina- 
tion of the velocities and pressures behind and ahead of the 
fan. An investigation of this kind of the internal process 
of operation of the a.xial fan will be undertaken in the near 
future* Por the present we were constrained to Judge the 
satisfaction of the method by comparing the computed char- 
acteristics obtained on the basis of the assumptions made 
with the fan characteristics experimentally obtained. We 
were able to make such a comparison for a large number of 
fans and thereby to draw conclusions as to the range of 
applicability of our method. 

Ve have not considered it necessary, in our present 
work, to enter into a theoretical analysis of the magnitude 
of the errors we have made in applying our fundamental 
assumption, since it was our object to present immediate 
results of definite practical value and a theoretical anal- 
ysis would have required large time expenditure. We shall, 
therefore, merely stop to clarify the physical significance 
of our assumption. 

We have seen, in deriving the law rcy^ = constant, that 
when this law is observed there is no radial flow in the 
rotating fluid, provided the pressure distribution in the 
rotating fluid is such that the equation 



c 



ui 
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Pi + P 



2 



= Ps + P 



2 



(69) 



is satisfied. 
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Conversely, the assumption of the validity of the law 
rCy^ = constant is eq.uivalent to the assumption that a pre's- 
'S-ure distfihution , such as required hy equation (69), is 
estahlished immediately "behind the fan* In other words, 
operating for conditions other than the computed one, the 
flov7 immediately "behind the fan is of such character that 
there is no radial flow, all the particles moving over 
cylindrical surfaces coaxial with the fan. 

\Ie heve assumed that the flow pattern xirill he incom- 
plete, however, if we do not consider what the axial ve- 
locities Cg_ produced by the individual "blade elements 
are. It is not difficult to see that for operating con- 
ditions other than those for \\rhich the compr fcation is made 
the axial velocities co.nnot remain constant. First we may 
note that it is incorrect to suppose that the nonconstanoy 
of the axial velocitv along the radius in itself excludes 
the possibility of the operation of the lav ^c^ = constant. 
In fact we have seen, in deriving bhis law, that the axial 
velocities do not figure in this derivation at all.' Physi- 
cally, this means that regardless of whether the particles 
of the rotating fluid have a forward motion or not it is of 
importance only that at each given instant the pressure 
required "by relation (69) "be maintained at a given point. 

The requirements of a redistribution of the axial 
velocities may be explained by the follov;ing example. Let 
the transition from one operating condition to another occur 
by a sudden sharp throttling. It is then evident that at 
first the axial velocities will tend, by inertia, to main- 
tain their constant values along the radius. The direction 
of the approaching flow for each of the elements and the 
pressure itself can be determined with the aid of the pres- 
sure head coefficient IS.^, It will "bo found that the pres- 
sure of the individual blade ' elements vrill be greater or 
less than the pressure which these elements must develop in 
order that the law .rc^^ = constant hold behind the fan. Let 
us assume, for dof initeness , that the pressure produced' by 
the blade clement oxceeds th-it roqnirod by this relation. 
In this case the exccs's of pros:-uro will give rise to an 
increase in the axial velocity of the flow which, in turn, 
will lead to an increase in the pitch ingle i decrease in 
the angle of attack and hence also drop in the pressure. 
This process will continue until t"ae relation between the 
pressures will become that required by the lav/ rc^= constant, 
Prom what has been said it is clear that in passing from the 
computed regime to another the condition of constancy of the 
axial velocity along the blade will be disturbed. Thus the 
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assumption that the lav ^c■^ = constant holds for regimes 
of fan operation other than the computed regime implies 
only that the flow takes place as "before along cylindrical 
surfaces coaxial with the fan hut with' different axial 
velocities at the various' radii. Because of the fact that 
the axial velocities ahead of the fan are constant alojif 
the radius' the flow passes through the fan along conical 
surfaces. This character of the flow was neglected since 
we have considered that the conical surfaces along which 
the flow through the fan passes differ negligibly from the 
cylindrical surface coaxial with the fan. The author con- 
siders himself Justified in publishing his method .of axial 
fan computation based on the above physical pattern since 
the method gives good agreement with the experimental re- 
sults and is of definite practical value. 

It is of interest to elucida.te the fundamental assump- 
tion regarding the maintenance of the constancy of the cir- 
culation from the point of ^;iaw of the vortex theory of the 
fan,. From this point of view the constancy of the circulation 
is equivalent to the assertion that the system of resultant 
vortices that replaces the axial fan maintains its shape for 
all operating conditions of the fan, there being only a 
change in the intensity of the vortex. As before each blade 
is replaced by one resultant vortex. 

In conclusion we consider the question of the possibility 
of extending our fundamental assumption with regard to the 
maintenance of the law rc^^ = constant to the case of the 
rotation of the fan blades about their axes or a reduction 
in their number. There is, in fact, no fundamental differ- 
ence in the flow phenomena v/hen the fan operates at regimes 
other than the computed regime or when the fan operates with 
different blade angles. ¥e may note, in confirmation of the 
above-mentioned assumption, that operation of the fan at a 
different regime or dif"ferent blade angles is possible by a 
continuous change from the computed regime. As in the case 
of rotation of the blades about their axes there is no funda- 
mental difference in the flow phenomena v/hen the fan operates 
with a different number of blades. 



IV. NEW MODIFICATION OF THE METHOD OF AXIAL FAN COMPUTATION 



Before proceeding to the presentation of the method of 
computation proper we shall make some observations on the 
computation with the aid of the coefficients and K^, 
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!Phe method of computation itself will "be very 'briefly 
pre^sjentjeA. .since , it s .p.i^ese^ntat ion is not the chief o'bject 
of our present work and since a special paper lay K. Usha- 
kov devoted to the computation of axial fans i s simultaneously 
heing puhlished with our paper, We shall not stop to con- 
sider the q.uestion of choice of fan, its basic parame-ters, 
determination of its diameter, peripheral velocity, and so 
forth. 

The method presented hy us is "based on the same phys- 
ical pattern as that mentioned in the v/ork of K. 'U'shako-v 
and our method is therefore not entitled to he considered 
as new hut only as a modification of existing computational 
methods "by the hlade element theory or vortex theory. 

The fundamental characteristic of the modification 
proposed hy us, together v/ith the use of t'le coefficient 
E„ and therefore with the pressure losses associated with 

the profile drag, is the popsiDility of petting a definite 
"blade element at the most favora'ble blade angle corresponding 
to the optimum profile efficiency. In the usual computation 
the question of setting the bl.Mde element for the optimum 
operating conditions remains unclear. Strictly speaking the 
usual computation requires the settixi^ of all the blade ele- 
ments at the same an^le of attack (under the condition of 
using the same profile) since the theory of the computation 
presupposes that all the elements have a constant p, - the 
reciprocal of the aerodynamic efficiency of the profile 
section. ' In other words the only clear criterion for a 
rational setting of the bla.de elements is the value of the 
aerodynamic efficiency, and to be consistent it is necessary, 
in all cases, to set the blade elements at the angle corre- 
sponding to the given maximum efficiency. This requirement, 
howGvor, strongly hampers the designar since it excludes 
the possibility of changing the blade elements in accordance 
with structural considerations. In our computation, as will 
bo clear from the discussion below, this possibility of vari- 
ation is entirely feasible. 

We may remark, incidentally, that the control of the 
rotational efficiency is not at our disposal. The value of 
pc^j^/S is uniquely determined, as we shall see, by the 
given value of the pressure head. It is, therefore, possible 
to speak only of a subsequent utilization of the dynamic 
pressure with the aid, for example, of guide vanes, but not 
of the choice of a most favorable value of 
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The computation itself proceeds as follows* The 
value of the pressure head H in millimeters water and the 
discharge (^^^ in cuhic meters per hour are considered as 
given and the values of the diameter D in meters and the 
hub diameter d in meters and hence the ratio of the huh 
to fandiameter t= d/D are considered as chosen values, 
as is also the number of rotations per minute n. We deter- 
mine, first of all, the magnitude of the clearance (fig. 17) 
between the wheel and casing of the axial fan. On figure 18 
is given a curve of the loss in pressure as a function of the 
relative clesranco expressed in percent. The relative clear- 
ance is defined by the ratio of the magnitude of the clearance 
s to the blade length R ~ where r^^ denotes the hub 

radius. The formula for the relative clearance is, therefore, 

s 100 

s = (70) 

^ ~ ^hub 



Pigure 18 shows the pressures for the same fan as a 
function of the relative clearance, the pressures being 
expressed in percent of the maximum pressure, which would 
be obtained for a vanishingly small clearance. The trend 
of the curve shows that the effect of the clearance is very ' 
marked, the loss in pressure already amounting to 10 percent 
for the practically sma,ll clearance of 1 percent. This pres- 
sure loss may be taken into account in the fan computation 
by computing not for the given but for an increased pressure. 
Thus the computed pressure is given by 

^comp ^-^clear ^'^^^ 

The correction coefficient KqI may be defined from the 
curve of figure 18* on which, for convenience in using, are 
indicated the values of Kq]_ obtained by dividing the pres- 
sure for zero clearance by the pressure at the given relative 
clearance, that is, 

Kel- = ^^^-^ (72) 
s . 

*The curve of figure 18 was obtained " experimentally and 
represents a mean curve from a family of curves obtained in 
investigating the effect of clearance on the characteristics 
of various fans (fig. 19), 
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Having determined the pressure H_ for which- the fan 
is to "be computed it is possible to proceed to the deter- 
mination of the rotational component without which^ 
as wo have seen, it is impossible to construct the velocity 
triangle and hence to determine the effective pitch angle 
and the blade setting. \Je hn-ve seen, moreover, that the 
value of the power expended hy a blade "element is likev/ise 
determined from the rotational velocity. It is not difficult 
to see that for constant axial velocity along the blade the 
total power of the fan is determined from the rotational 
velocities at each blade element. 

From the consideration of the physical basis of the 
fan operation it has been established that the pressure 
produced by the fan is that produced by the blade tip 
element* Conversely, if the pressure is known, the rota- 
tional velocity of the flow c^, corresponding to this 
blade element, can be found, Jor this purpo.se vie make use 
of the formula 



He = ripr P .^n - ~ j (38) 

In the above relation the valm-'s of the air density and 
peripheral speed are knoi'/n. ?or normal conditions (750 
mm Hg» 20° 0 and 50 percent humidity) for which the com- 
putation ]s generally made, the specific vfei.;,ht V of the 
air is 1,2 killogram per cubic meter and hence the density 



o = . "^air ^ 1,2 ^ 0 1203 kg sec^ 

P g 9.81 "•^2..3 ^4 (73) 

vihere g is the acceleration 01 gravity equal to 9.31 
meters per second square. The peripheral speed u may be 
found from the formula 



u = r CO = r (74) 

The determination of n j. for substitution in formula 
(38) is somewhat more involved since Tipp depi'^nds on the 
pitch angle p defined by the relation 
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tan ^ = 



■a 



cu 
2 



(75) 



and hence on 
as a function 



SincG an analytic expression for 'Hpj, 



of 



u 



is not known, no ijxact analytical 
solution of equation (38) for c.^ can 'be .given. It is 
possible, however, to obtain an approximpte value of n 



for substitution in formula (38), 
and the n-or cui'ves in appendix 
depends very littls on the blade 
by a small amount wi-ch the angle 

'u 



pr 



20 



We have seen (see fig. 
I) that the value of Tipj. 

angle and changes relatively 

3, Since-the latter also 
small by comparison with 
the difference u - 
tan ^ changes 



°u 
for 



varies slightly v/ith c•^ (c^ is 
u and therefore v/ith change in 
Cy^/ 2 entering in the expression 
slightly) it is evident that even a relatively large change 
in G-Q results in a very small change in ripr* I* is, 
therefore^ permissible in formula (38) to substitute a 
value of Tipj. determined by 

to the actual value. Such a 

be the one determined by the computed pressure with 
neglected, that is, according to the formula 



a value of Cu that is close 
value of c-ii will, for example, 



Tlpr 



obtained from formula (38) by setting ripr = 1» 

We now solve equation (38) for o^^ putting the equation 
in the form 



u 



2 H 

2 U Cn + = 0 



p n 



pr 



(76) 



Solving this quadratic equation there is obtained for c 
the expression 



u 



2H 



°u = ^ - 7 ^ - 



p r\ 



pr 



(77) 
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where the minus sign is taken in front of the root since 
the rotational velocity of the flow cannot exceed the 

peripheral velocity u. 

By making use of formula (77) and taking account of 
what was said, with regard to the choice of Tlpp* we have 

the following order of operations for the determination of 
Cii» We first find an approximate value c^' for the choice 
n' , assuming in formula (77) n_y = li that is. 




(78) 



Having found c '■^ vie find that effective pitch angle P 
for the choice Tl-op from the relation 



t an p ' = 



u - 



-u 



(79) 



rrom the curve of profile efficiency wo then find a value 
of Tipj. near the maximum. We may note, here, that this 
choice of the value of T\pr presupposes that angle of 
attack at which the blade tip element should he set. 
Observing, however, the trend of the ripi. curves for usual 
fan profiles (fig. 20 and others in appendix 1); an excep- 
tion occurs for symmetrical profiles. We find that this 
circumstance does not seriously hamper the designer. The 
angle of attack may be changed because of the width of the 
blade without the necessity of computing nev/ relations deter- 
mined by the rotational velocity c^ since the value of 
T\pj, changes very little. Having chosen the value of ripp 

the value of o^^ for the tip element may be finally deter- 
mined by formula (77). 

The value of c^ thus found determin.-^ s , in view of 
the relation = constant, also the rotational velocity 

for all remaining blade elements, Evidently the rotational 
velocity at radius r is 



cur = cujt' T 



(80) 
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where R is the fan radius which is the radius of the 
Islade tip element. 



With the values of c^^ for all the hlade elements 
thus determined, the values' of the angle p for all 
elements are likewise determined, Fro'tn the "constancy of 
the axial velocity for any cros s- sect ion we may deter- 

mine this velocity for the given discharge Q cuhic meters 
per second "by dividing the latter hy the fan disk area F 



(81) 



In formula (75) defining the aiigle 3 all magnitudes are 
now known and it is possible to proceed to the computation 
of the blade elements. The problem consists in determining 
the "blade angle 9 equal, as v/e have seen, to 



e = a + p. 



(82) 



and the blade width b. From the ripj, curve the choice of 
the angle of attack offers no difficulties. It is natural 
to set each of the blade elements at an angle of attack 
corresponding to the maximum value of the profile efficiency 
a deviation from this rule being tonsidered only for struc- 
tural considerations. 



To determine the width b we make use of the two ex- 
pressions for the pressure head developed by a blade element 



E = r\ 



pr 



•u 



2 y 



(83) 



and 



u - 



H = p 



cos p 




2 TT r 



(84) 



where i denotes the number of 
tural considerations. Equating 
equations (83) and (84) we find 
(u - c^/2) that 



blades , chosen 
the right-hand 
by dividing by 



from struc- 
sides of 
p and 
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^ 2 TT r cos® p 
Solving .this equation for t we find 



2 IT r r\vr Cu cos^S 
b = ^£ (85) 



This is the reciuired formula for bhe determination of the 
■blade width. We may note that the pressure head coefficient 
K , entering this formula, may he found from the corresponding 
curves for the pressure head coefficients since both the 
angles of attack and the angles p are known. In case 
the angle p differs from the round values of p, for which 
the curves were drawn, recourse is had to interpolation. This 
will be the case where we maice use of profiles of different 
relative thickness if it appears that the relative thick- 
ness differs from the round values, for which the curves 
were d r awn , 

With the determination of the blade anf;le and blade 
width, the aerodynamic computation of the blade elements, 
and, hence, the shape of the entire blade, may be considered 
as completed. The description of how the blade shape is 
realized in practical construction is not part of our problem 
and the reader is referred to special literature (reference 2). 
Here we shall merely remark the following. In the fan work- 
ings drawing thi3 blade width and blade angle shown, are those 
obtained by the intersections of the blade v/ith the vertical 
plane perpendicular to tho axis. Evidently these values 
differ somewhat from the computed vo-laos corresponding to 
tho intersection of tho blade by a cy 1 indr i cil surface. If 
the curvature of this surface is not largo, however, (its 
radius is sufficiently largo) the difference between the 
values of the blade angle 6 and blade width b and the 
computed values taken from the drawing is not great. This 
circumstance was tiken into account in order to simplify 
the further computations, choosing for the angles 6 and 
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widths "b used in obtaining the computed characteristics 
the values found from the working drawings of the blade. 

To complete the aerodynamic computation of the fan, 
as a whole, v^e shall cons ider "also the power required by 
the fan and deterjnine its efficiency. In the same manner, 
as for the T33n,de element, the power of the fan as a whole 
may be computed from the theorem on the moment of momentum. 
Let Tjjj "be a certain mean blade radius* and c^^j,^j the 

corresponding velocity which must be assumed for the com- 
putation of the mojjent imparted to the moving air mass in 
the circumferential directions Since the mass of air dis- 
charged per second is equal to 'the product of the volume 
by the density pQ, the momentum is given by the prodiict 
P'^*^u(rm) its moment by 



M = p q 

Hi 

The power is given by the product of the moment by the 
anjjular velocity 

N = p q c^(r^) r^ 03 (87) 

The above expression, for the power of the fan, is not con- 
venient because there enter into it the undefined magnitudes 
of the mean radius rjj^ and the corresponding velocity 
^u(r )• These can be eliminated through the Use of the 

relation rcy^ = constant whereby the product ^u{Tj^) 
can be replaced by the product of any radius of its corre- 
sponding rotational flov/ velocity. Since we have previously 
made use of the blade tip element in our calculation it is 
natural to use t}ie prorluct c^i^ R, Dropping the subscript 

E, and remember in;->: thnt R> 'jO = u, wo may write our formula 
for the determim,t ion of the powsr in the form 



N = p q c^ u (88) 

v/here M is in kilogram-meter per second. If the power 
is expressed in horsepower, as is usually the case in fan 



(86) 



NACA Technical Memorandum -Ho, 1043 



47 



computation, the formula 'becomes 



Nhp = P 



75 



(89) 



Finally the pov/er of the fan may be directly computed 
from the power coefficient K„ "by making use of the ex- 
pression for the power of a "blade element 



AN = p 



w 



m 



"b A r u. 



By dividing the blade into a sufficient number of elements, 
we obtain the power as the sum of express ions ■ of the above 
form multiplied by the nixmber of blades 



N = i 



s 

r hub 



-u 



m 



b A r u. 



(90) 



In practice this formula is less suitable since it gives 
a sufficiently accurate result only for division of the 
blade into a relatively large number of elem^Bnts, of the 
order of 8 or more. It can only be recommended as a check 
formula giving an independent result. 



The overall efficiency 
known formula 



of the fan is computed by the 



75 w 



(91) 



where Q is expressed in cubic meters per second, H in 

millimeter water and l\r in horsepower. Since vie have seen 
that the fan as a whole gives a- pressure ec^ual to that of 
the tip element it is natural, in the ab ove ' f ormula , to 
substitute the 

course, of the pressure loss at th 
since we hp-v^ computed, the fan for 
by these losses we may evidently substitute the value of the 
actual, that is, the giv.an pressure. 



pressure of the blade tip taking account, of 

clearance. However, 
a pressure that is greater 
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VTith this we may conolutte the presentation of our 

modification of the axial fan computation. As an illus- 
tration of the method we give a sample computation sheet 
with the datp required for carrying out the computation 
on pages 76 and 77, We have considered it unnecessary to 
overload our example with special remarks since the entire 
procedure is explained in detail in the present section. 
The reader may refer to the description of this procedure 
if anything in the example does not appear clear to him. 
In order to facilitate looking up the required place in 
the text we have indicated everywhere the numher of the 
required formula and the corresponding figures. With 
this in mind we shall, with regard to the selected com- 
putation example make only the following remarks. 

We have chosen, for our example, an axial high-pressure 
test fan with the following data: <^ = 13,100 cuhic meters 
per hour at n = 2800 rpm, H = 168 millimeter water (at 
relative clearance s - 1 percent)., diameter D = 0,6 
meter, t, - 0,5, numher of "blades i = 12, Here we shall 
make an important ohservat ion , In the description of our 
computation method and in the sample fan computation no 
account was taken of a factor which must necessarily have 
an effect on the fan performance. V/e refer to the effect 
of the mutual hlade interference (cascade effect). No 
correction coefficients, which take into account the effect 
of mutual blade interference have "been applied in the aero- 
dynamic axial fan computation conducted hy CAHI uptll 
recently. There are two rea,sons for this: 

1. CAHI has occupied itself with design prohlems of 
high-pressure axial fans only recently. The fans of earlier 
design were, in the majority of cases, characterised hy low 
pressure and hence large hlade spacing. For these fans the 
factor of blade interference played no important part, 

2, Only in the course of our present investigation 
has any systematic comparison been made between the fan 
computation data and the test results with account taken 
of such factors as, for example, the effect of the clear- 
ance, the mutual blade interference and so forth. Until 
recently the lack of agreement of computed results with 
test results was corrected by a single-overall statistical 
correction coefficient which took the above factors into 
account and reduced the disagreement. In the above-mentioned 
work of K, TJshakov the mutual interference is taken into 
account with the aid of a general correction coefficient 
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K g ecLUal to 0,05 - 0.1.. Vith the aid of this coefficient 
the pressure . for which the fan is computed is expressed 
in terms of the recLUired pressure H "by the following. . 
formula: 



Ho = H K 



c as 



(92) 



Such a correction, however, with the aid of a contstant 
coefficient can be made only as a first approximation. 
It is quite evident that the hlade interference depends on 
a numher of factors and varies with different cases. -In 
section Vl we shall present preliminary results of our 
attempt to estimate the effect of blade interference of 
the axial fan. 

In figures 33 and 34 we present a sketch of the fan 
computed in this section and a drawing of the fan blade. 
The collector at the fan entrance m£?y be noted. The results 
of the fan tests are given in section VI. 

Y. METHOD OP COMPUTATION OP AXIAL PAH 



The object of a check computation of an axial fan is 
to determine from the geometric parameters of the fan its 
aerodynamic characteristics, the volume flov;, pressure head 
and power at all operating loads of the fan. In our present 
paper we restrict our computation to those" conditions for 
which all the blade elements operate under normal angles of 
attack up to the start of flow separation (cavitation) since 
as yet no satisfactory theory has been developed for tho axial 
fan operation in this range. The range of normal angles of 
attack is practically the one of greatest interest since it 
is the range of maximum fan efficiency. 

It is known that the fan pressure drops -is its discharge 
increases . 

From the relation 



pr P 




(93) 
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it ,is clear that the drop. in pressure corresponds to a 

decrease in the rotational velocity c•^. An increase in 
the discharge, on the othe.r hand, corre"spOnds to an increase 
in the pitch angle p. There is thus a relation between the 
fan operating condition defined by the combination of values 
^ and H and by a certain pair of values c^ and p. It 
is natural, therefore , given the values and p, to seek 

the corresponding values of the delivery and pressure; a 
procedure we shall use in determining the computed axial 
fan characteristics. 

Given a fan to determine its computed characteristics. 
Jrom the working drawing of the, blade we determine the values 
of the blad_e angle 0, the width b, the relotive profile 
thickness 8 and the profile shape. The latter is, evii* 
dently, very important since the computation is based on the 
the profile aerodynamic characteristics, obtained from tests 
in the wind tunnel. For convenience in making the computa~ 
tions we plot the obtained values of 9 , b and "J" on a 
diagram. Drawing smooth curves through the points obtained 
we may find- the required data for any blade element. Such 
a diagram is shown in figure 31 for one of the fans inves- 
tigated by nzs in detail; namely, fan 4. In section 71 a 
sketch and blade drawing of this fan are given (figs. 31 
and 32). 

The fundamental relations which via make use of in 
determining the points of the computed characteristics are 
found in equation (93), 



2 Tir dr ^ ^ p Sirr 

9 = a + p (95) 



Let us consider which magnitudes may be here assumed as 
knov/n and which are required to be determined from the 
e quat ions. 

Omitting the knov/n air density p, the number of blades 
i and the known values b and 9, v;hich may be found from 
the auxiliary ■ curves such as those shown in figure 21, we 
consider the values of the radius r and the peripheral 
velocity u = rco • Since our computation will be conducted 



WACA Technical Memorandum No. 1042 



51 



on the hlade elements the radius r may he considered 
defined together with the corresponding element. The 
peripheral velocity' may he consideraui as known since the 
angular velocity is also> known: ,W rTn/30 where the 
rotational speed n in rpm is given. There remains to 
he determined the magnitude of the head H, the rotationa.l 
flow velocity Ctu the pitch angle P, the angle of attack 
a, the profile efficiency ripj. and the pressure coefficient 
Ka« The two latter magnitudes may, however, he considered 
as known hecause both are functions of the angle p and 
the angle of attack as is seen from the corresponding dia- 
grams. It is thus clear that in the three equations (93), 
(94), and (95) there are four unknown variables. Evidently 
if one of the variables (it is natural, for example, to 
choose the rotational velocity as basic) is taken as the 
independent variable the remaining variables will be deter- 
mined since only three unknowns will then remain in' the 
three relations. As may be readily seen, however, to give 
an analytical solution of these equations is impossible, 
first of all, because thjre enter th? variables T|pr and 
Kg. which sro functions of graphically given unknowns. The 
choice of analytical expressions would involve us in an 
extremely complicated mathematical analysis. Moreover the 
angle p and the rotational velocity are in an indirect 
relationship. All these considerations made us dispense 
with any attempt a.t analytical solution and the problem was 
solved by the method of trial and error. We are given a 
pair of values c^ and p. The third of our fundamental 
relations (formula (95)) gives us the angle of attack and 
thus permits us to choose K„ from the corresponding curve. 

With these values determined the pressure head H can be 
computed by formulas (93) and (94), The pressure computed 
by the second formulr. is denoted with the subscript Kg^ 
since, generally speaking, for arbitrary values of c^ and 
P, the pressure computed by the second formula will not be 
eq[ual to the pressure computed by the .first formula. If it 
appears, however, that 



H =• (96) 

it^'signif ic-s thf-t^the ^eln,tion between the m-^gnitudes c^^ 
aiid p is. true thg.t^ they satisfy our fundam'ental -relations. 
The pressure H will'thfen be the actual, pre-s sure " dfeveloped 
'by a- given b lade . elemen.t' at' given . .c^- ■; and- p 'and from the 
angle p the volume' flov/ through an elementary riiig swept 
by the element under consideration can.be found. Thus, the 
axial velocity is 
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tan 3 (97) 



and the volume 



•^rin^ = 2 TT r - tan p dr . (98) 



V/itlii the above, we conclude our general considerations 
underlying our method of computation and proceed to the draw- 
ing of the computed characteristics, 

We begin with the determination of the fan pressure. In 
discussing the physical basis of the fan operation we have 
established and later in the computation made use of the fact 
that the pressure developed by the blade tip element gives 
the pressure of the fan as a v/hole. We shall, first of all, 
analyze the operation of the tip element, making use of the 
genoral considerations discussed above. As a result, we 
sh3,ll obtain, for a given series of valuos of c^ a scries 
of values of the prossuro, thot is, ono of tho coordinates 
of the fan characteristics and then proceed to determine 
the discharge. 

In determining the discharge it is not sufficient to 
consider the operation of the single blade tip clement 
because the axial velocities through tho other elements are. 
unknown. The assumption of the constancy of tho axial veloc- 
ity is, as we have seen, in section III valid only for the 
single computed operating condition. For other operating 
conditions there is a redistribution of the axial volocitios 
and the axial velocity no longer remains constant along the 
blade. To determine the axial velocities for each given 
blade element we may proceed from tho follovring considerations, 
We have assumed that the flow through the fan is such that the 
pressures behind the fan and hence the pressure differences 
developed by the blade elements are so distributed that the 
law rou = constant hold true. This law may then be used to 
determine the value of c^^ and with it the pressure head for 
any blade element, V/h.i,t follows the pitch angle p is deter- 
mined by the trial and error method similar to th-^t in ana- 
lyzing the vrork of the tip element until the pressure computed 
from tho found value c^ 



NACA Technical Memorandum No, 1043 



53 



c^ ~ ^pr P °Ur 



(99) 



is eq.ual to the pressure computed from the coefficient Ka 

" / cur^^ 



Hid = Ka p 



cos^ P 



bj.i 
2Trr 



(100) 



It must, of course, 
and' the blade width 
the given element. 



be remembered that the blade angle 9 

b should be taken to correspond to 
prom the found angle p we determine 



-ai 



= ^^r - 



(101) 



Jinally the discharge for a given element is 



= c„ Y 



(102) 



C 



v,rher e 



= 2 TT r dr 



(103) 



Thus for any operating condition for which we have previously 
obtained the pr e s sur e , f r om an analysis of the performance of 
a blade element, we may now determine the axial velocity and 
with it the volume flow for any blade element. On figure 22 
we show, as an example, the axial velocity distribution for 
various operating conditions of fan 4. Detailed computations 

characteristics of this fan will 
the section. Here we shall 
of axial velocities was con* 
The axial velocities were computed for three blade 
namely, the tip element, the hub element, and the 



in constructing the computed 
be given below at the end of 
merely show how this diagram 
structed, 
sections ; 
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element at the mean radius. Continuous curves were then 
drawn through the obtained values laid off as a function 
of the radius. If the flow volume through any of the 
elements is known then the total flow may he found by 
summat i on 



R 

= y 



'Ting 



(104) 



^hub 



over all the elements from the hub to tho fan circumference. 
The same result could be otitained by finding the mean axial 
velocity through graphical integration of the axial velocity 
distribution curve. The discharge would then be given by 
the product 



■m 



(105) 



We shp.ll now proceed to the determination of the fan 
power. Since the rotation component c^ is known for all 
elements the power for each of the elements may also be 
computed from the formula 



11 



k = P "^ring °u ^r 



(106) 



where it is again pointed out that c■^^ and Up - the 

rotational component and the peripheral velocity - must be 

The -po\\'er expended by the fan 

pov/ers of 



taken at the given rr.dius, 

as a whole is evidently equal to the sum of the 



the individual elements 



it 

y 



iJk = 



XI. 

y 



P ^ring 

^hub 
for the 



'Ur 



u. 



(107) 



In this form the_formula for the power appears rather com- 
plica,ted. It is easily seen that it can be considerably 

the sum at the right-hand side of the 



s impl if ied, 
equa.tion the 

vjlocity is 



Thus , .in 
produc t 

c 0 n s t an t 



'u. 



as 



Uj. = c 

3 al s 0 



Uj. 

the 



rco where W 
air density 



the angiilar 
p. Taking 
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the constants outside the summation sign v/e may write the 
expression for the power in the following form 

H 

H = p r 0) ^ 

Remembering tha.t "uj. ^ ~ '^u '^u H 0) = u and also 

that L Q,„^v,„ is the total fl ov/ ■ through the fan the 
^hub ^^^^ 

t 

result is obtained that the power expended by the fan in- 
dependently of the operating conditions is given by the 
product 

U = p Ci u (108) 

where Cy_ is the rotational component of the flow for the 
tip element and u the rotational velocity of the fan, \te 
thus arrive at the conclusion, which very much simplifies 
the computation, that to comoute the power of the fan at 
any operating condition it is not necessary to compute the 
power for each element individually. 

We may note that in the expression for the fan power 
the power expended by the air friction at the hub does not 
enter. This power as experimental considerations indicate 
(reference 3) is given by the formula 



^hub = Pet P (l + 3.9 (109) 



where hj^^-jj is the \i;idth of the hub and d its diameter; 
K is obtained in horsepower. 

The coefficient pjj entering the formula is .nondi— 

mentional and can be obtained from the experimental curve 
(fig. 23) of A. Sichevj the value of g.jj being laid off 

as a function of the Reynolds number, defined for normal 
conditions by the formula 
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Ee = Li (109.1) 

14.46x10"® 



It is also seen from the paper by Sichev that the value of 
the power expended at the hub remains constant for all 
operating conditions of the fan. 

It is of great interest, finally, to check the com- 
putation "by determining the power expended directly v/ith 
the aid of the power coefficient K^j. The power for a 
given element for all blades is 

^ ^ring = ^uP^m^ Ur (HO) 

the magnitudes entering this formula bein^ taken at the 
mean radius of the ring, V/ e shall briefly consider the 
computational procedure. The blade is divided into a 
number of elements by dividing the swept area into rings 
of equal area (fig. 24)* and. then determining the power for 
each element. Since the values of the pitch angle 3 p,nd 
the relative velocity = (u - c.,j/2)/cos p for any 

radius are unknown we construct additional auxiliary curves 
for p and Wjjj , If these no,gnitudes a,re known the corre- 
sponding power coefficient Ky^ is also determined since 
the angles of attack for its choice are 



ttj. = - Pr 

The power of the fan is obtained as the sum of the pov/ers 
of the individual elements 

R 

l<r. = ) A Nring (HI) 
nub 

taken for all the blades. We may note that, practically, 
it is sufficient to compute the power for e'i'ght elements, 
the swept area being divided into eight rings of equal are-i. 



*In fig. 24 the diagram is given for dividing any circlo into 
rings of equal area. The magnitudes of the ring radii :^re 
expressed as relative radii T = r/R fron v/hich the actual 
radii for a given fan can be readily computed. 
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In concluding we shall give the formulas for the 
efficiency. If the friction power at the hub is not taken 
into account the efficiency may he computed hy the formula 



n = -S-M (112) 

75 N 

In taking account of the power expended hy the huh the 
formula hecomes 



^ 75 (IT + Nhuh) ^'"'^ 

We may note that in both forrnula,s the head H is written 
with the subscript s to bring out the fact that in these 
formula,s the pressure takes account of the presence of a 
clearance between the wheel and casing, 

For examples of the construction of the computed fan 
characteristics we present, in their entirety, all com- 
putations for the two fans 4 and 5b on pages 78 to '85.. 
The computations are all arranged in the order which appears 
most logical to us and which v/as also adopted for the com- 
putation of the remaining seven chaprac t er i s t i c s . For con- 
venience to the reader the formulas are nurabured to corre- 
spond to the text where they are derived. 



VI. COMPAEATIVB ANAIYSIS OF COMPUTED AND EXPERIMENTAL DATA 



1. Introduction 



The object of this section is to explain to what ex- 
tent and within what limits our computation method applies. 
We shall, first of all, be ' int e r .- s t ed in comparing the com- 
puted results with the test results. Incidentally, we shall 
also touch upon a nujnber of questions with regard to the 
effect of certain fan parameters on its performance. We 
shall also indicate the possibility of approximate construc- 
tion of the axial fan characteristics with a minimum labor 
of computation. Such characteristics are of importance for 
preliminary computations in selecting a fan for given con- 
ditions, choosing its" fundamental parameters, and so forth. 
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The sections will, therefore, "be divided into the follow- 
ing headings : . ' . 

1. Considerations with regard to the selection of 
the fan for testing and their fundamental characteristic 
data . 

^- 2. Some special features of the test procedure, 

3, General view of the agreement of the computed with 
test results and factors accounting for disagreement hetween 
them. 

4, Method of constructing the preliminary character- 
istics. 

5, Detailed discussion of the chief factor accounting 
for the difference "oetween computed and test results; namely, 
the blade interference. The method Of takin.-^ this factor 
into account depends* on the possibility of obtaining the 
aerodynamic characteristics of the profile from the fan 
characteristics. 



2. Selection of Jans for Investigation 
and Their Basic Data 

Since the object of our computation is to determine 

the aerodynamic characteristics of a fan from its geometric 
dimensions we have chosen, for the purpose of comparison .of 
the computed with test data, a number of fans that differed 
sufficiently in their geometric parameters, such as their 
diameters, ratio of hub to fan diameter, blade width, number 
of blades, and so forth. Moreover one of the fans tested, 
an axial reversible fan, in contradistinction to the sections 
of the other fans -rhich were various m.od i f i cat i on s of English 
propeller profiles, vas of symm.etric profile section especially 
suited for the design oi" roversible fans. 

Figures 25 to 34 give exhaustive sketches and drawings 
of the blades of all fans tested and with the aid of which 
the fans can be completely constructed. pigures 35 to 38 
gives the curves of the variation of the geometric blade 
parameters 6, b, and S" as functions of the -radius.* 



*The curves of variation of the geometric parameters for 
fan 4 are given in fig. 21. 
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Since our -oliject ia to show the possibility of the 
apjJlication of t-he method also for the cases where the 
blades are rotated about their axes and for removal of a 
number -of blades two of our fans; namely- 3 and 5- were 
chosen from those at the laboratory disposal that possessed 
rotatable and removable blades. The first of these fans 
was tested at the blade angles 

(a) e = 19°. 201 (initial angle) 

(b) e = 16° 50 • 

(c) e = 14° 05'. 

The blade angle given is that for the blade tip element. 
For the other blade elements the blade angles in rotating 
the blades ev-idently vary by the same amount as the angle 
of the tip element. The second fan with rotatable and 
removable blades was tested for the number of blades 

(a) i = 12 (rated number of blades) 

(b) i = 6 

(c) i = 3. 

Jor convenience we give, in addition to the blade 
sketches and drawings, a table of the geometric parameters 
and computed fan data, the rotational speed and two character- 
istic nondimens ional magnitudes', namely, the relative cir- 
culation r defined by the ratio of the actual fan circulation 
r = SttEcur to 4ttHuh: 



— 2 TT E Cujj Cu£ 

^ = 4 TT HUH ^ 2-;:; (114) 

and the magnitude cp characterizing the degree of utilization 
of the rotational velocity for producing pressure and given by 

= (115) 



In table I the computed and experimentally obtained values 
of cp are given for ' comparison. The computed data could 
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only Tse given for the three fans, 1,4, and 5a. Po-r fans 2 
and 3 no preliminary computa-t ions- were ma,de. 

The fans were all carefully constructed of wood. The 
"blades of all the fans except 4 wore polished. The chocking 
of all the f^ns on the special lahoratory apparatus for 
measuring fans shov/ed that the errors in producing the fan 
blnde did not exceed lO'i^fe-to 20 for the blade angle 

and 0.5 to 1 millimeter for the blade width. 



There is no need to dv/ell in detail on the procedure 
of typical fan tests since it has been fully explained in 
a special paper (reference 4). We shall only note certain 
features in testing and working up the results. Instead 
of the usual procedure of testing the fan in a short pipe 
with sharp edges the fans were enclosed in a streamlined 
casing. In this way the axial direction required by the 
theory of the lines of flow at the fan inlet was assured, 

G-reat attention was paid to the measurement of the 
size of the clearance between the wheel and casing. Correc- 
tions in the computed characteristics of the fan were made 
as functions of this magnitude. The necessity for such 
corrections is dictated by the f?ct that our method is 
based on the assumption that the fan oper-^tes at a vanish- 
ingly small clearance. For this reason, in order to be 
able to compare the computed v^ith' the test cha,ra.cteristics 
obtained at some definite clearance, we first introduce a 
correction for the effect of the clearance. \ie have already 
pointed out tha,t the effect of the clearance i -s particularly 
strong on the value of the pressure. The effect on the pov/er 
is somev/hat less marked. Evidently the effect on the power 
is particularly strong for operating conditions near the 
maximum air discharge. For this reason wo co'isider it pos- 
sible to introduce a correction for clearance only in con- 
structing the curves of computed pressure. Tliis correction 
is made v/ith the aid of figure 19 making use of the obvious, 
relation 



3. Special Features of the Procedure 



s s 



0 





where E— is the required pressure at a, given clearance 
ratio r, H~_q the pressure at a vanishingly small c learano e , 
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and Eg" the percent pressure at the given clearance. From 
figure 19 it is seen that the pressure falls'very sharply 
as a fun.ction of the clearance. In view of this fact it 
is clear that the mean value of the clearance must be deter- 
mined with considerable accuracy.' The required accuracy 
was ohtained by measuring the clearance v/ith a special 
measuring apparatus at 8 to 10 places of the casing. 

Finally, we wish to point out that the dynamic pres- 
sure head of the fan was computed for all operating con- 
ditions from the mean velocity of flow at the fan outlet 
c^^ = ft/l"* The effect of the expected axial velocity dis- 
tribution on the value of the dynamic pressure head of the 
fan was not taken into account since there was no opportunity 
to conduct tests on the velocity field behind the- fan. 



4, G-eneral Observations on the Agreement between 

the Computed and Test Results 

On figures 39 to 65* comparison curves are given of 
the computed and test characteristics of all the fans con- 
sidered.** For each of "these fans there are also given 
curves of axial velocity distribution for various operating 
conditions and the complete test characteristics with the 
test points. The importance of taking into account the 
•axial velocity distribution is seen in figure 66 which 
gives the characteristics of fan 2 drawn to take into 
account the axial distribution and the characteristics 
drawn on the assumption of constant axial velocity. 

We shall first consider, from a general point of view, 
the agreement of the pressure and power curves and then 
proceed to the question of the agreement of the computed 
with test results on rotating the blades about their axes 
or removing some of the blades. We shall make only one 
preliminary remark with regard to the limits of the com- 
puted interval, which as is seen from the comparison curves, 
is not very large. In the range of large volume discharges 
the computed characteristic extends beyond the limits of the 
test characteristic. This is explained by the fact that in 
this range the test characteristic is discontinued where the 
static fan pressure becomes zero (see figs. 41, 44, etc.); 
whereas the computed characteristic is drawn also for 

*A11 curves were drawn for normal conditions, that is referred 
*° "^air ~ •^•■S kg/m^, 760 mm Hg, 20° 0 and 50 percent humidity. 
**In the value of the computed power no account was taken of 
the pov/er expended by the rotation of the fan hub since this 
power is very small as seen in table II. 
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negative static pressures since v/e may assume small values 
for the rotational flow velocity Cu. for v/hich the corre- 
sponding total pressure and power are near zero. The limit 
of the computed characteristic in the region of small volume 
discharge is determined "by the start of flov; separation 
(cavitation) from tho hlade. The impossibility of computing 
the characteristic when separation occurs is due to tho fact 
thf?.t on account of the discontinuation of any further in- 
crease in the pressure at the hlade elements it is not pos- 
sible to obtain the pressure distribution required by the 
law rc-,1 = constant. 

From on examin-ition of the computed and test character- 
istics the follovring generr.l conclusion may be drawn. The 
agreement between the characteristics for the fans with 
small relative c irculp t ions may be considered as fully sat- 
isfactory p.s regards the pressures; the agreement of the 
power curves is somev/aht less favorable, With regard to the 
trend of the latter curves the follov/ing fact may be pointed 
out. It is knovrn that the powar of an axial fan may be con- 
sidered approximately constant. In this connection a point 
of view has been widely hsld that the deflection in the pov/er 
curve appearing in tho tost c hfi,rac t e r i s t i c s is explained by 
the inp.ccuracy of the experiment. Our computed power curves 
shov/ that this is not so and that the deflection in the 
power curve conforms with the facts. 

On figures 66 and 67 ".ro given the characteristics of 
the fan with rota.table blndes for throe different blade 
ani^les. It is seen from the curves that the computed charac- 
teristics agree sufficiently well with tho test characteristic 
for this erase.* This confirms the fact that there is no fun- 
damental difference in the performance of axial fans when 
operating at different blade, angles. A more detailed exa.min- 
ation of the comparison curves shows 

1. ThT-t the deviation between the c caput ed and test 
characteristics increases somewhat with increase in volume 
dischg,rge 

2, That the drop in the fan characteristics occurs 
somewnat earlier than is expected from the computation. 

The explanation of the first fact is that no a.cco\int was 
taken of the change in the dynamic pressure resulting from 
the redistribution of the axial velocities. The second fact, 

*There is again observed an entirely satisfactory agreement 
in the pres-sure curves and a somev/hat less favorable agreement 
in the power curves. 
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as far as may "be jtidged, is due to the interference effect 
and the conditions of operation of the cascade in a rotational 
flow. We have already pointed out that this effect is not 
taken into account either in the usual computation of the 
axial fan or in our method* The question of taking this 
effect into account is closely associated v/ith the possibility 
of applying the fundamental aerodynamic profile characteristics 
as obtained for the isolated wing to the computation of the 
axial fan. It is clear that the application of the character- 
istics without Introducing any correction coefficients to the 
computation of a cascade will result in a divergence betv/een 
the computed and test, results. In other words it may be 
foreseen that the aerodynamic characteristics of an airfoil 
operating as a fan blade differs from the characteristics of 
tho airfoil as an isolated wing. Consideration of the com- 
parison curves gives a basis for the supposition that this 
difference increases as the rotation of the flow increases. 
To the smaller volume flows there corrGspond, in fact, larger 
values of the rotational velocity c^ and hence also of the 
circulation. At the smaller discharges, near the deflection 
in the fan characteristic as we have already pointed out, 
there is observed a greater deviation between the computed 
and test characteristics than in the remaining parts, 

Figures 68 and 69 show computed and test characteristics 
Illustrating the performance of the axial fan \vith some of its 
blades removed. The twelve blade fan which vras used as an 
example in section lY was taken as a basis for the computation. 
Besides the tests at the full number of blades tests were also 
conducted for the case of the removal of six and nine blades, 
that is, with six and three blades. A comparison of the com- 
puted and test curves clearly brings out the effect of blade 
interference, Figure 70 shows computed and test curves of the 
percent total pressure developed by one blade as a function of 
the number of blades. The strong interference effect is clearly 
brought out. 

It is clear therefore that the introduction into the com- 
putation of correction coefficients that take into account the 
blade interference effect is absolutely necessary, A detailed 
consideration of the problem of blade interference exceeds, 
however, the limits of our present investigation and the theory 
at present is far from perfected. In section 6 we shall, very 
briefly, present one of the methods of taking this factor into 
account , 
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5, Construction of preliminary Characteristics 

We have already pointed out that in a number of 
engineering computations, for example, in selecting a fan 
or making a first rough approximation of its performance, 
it is desirable to know not only its rated performance but 
also, at least roughly, the general shape of its character- 
istics. 

Let us note the most important points that determine 
the shape of the preliminary characteristic. These, in 
addition to the point of computed performance, are 

1. The point of ma.ximum pressure corresponding to 
zero discharge 

2. The point at v;hich there is a straight drop in 
the characteristic v/ith no further rise in pressure 

3. The point at which there is again a rise in 
pressure. It is evidently also necessary to know the slope 
of the characteristic at the point where it may be considered 
a straight line. As regards the first of the above-mentioned 
points statistical computations on the basis of test data show 
that the raaximam pressure may be considered approximately twice 
the rcted pressure. The second point at which there is a 
straight drop in the fan characteristic, may be found from the 
blade tip element in the same manner as in constructing the 
fully computed characteristic. The difference being that in 
constructing the latter v/e correct the value of the discharge 
at v/hii:h there is no f\irther increase in the pressure; whereas, 
in the case of the preliminary characteristic the value of the 
discharge at which there is a straight drop in the pressure is 
determined by the slope of the characteristic, about which more 
will be said later. 

Setting down the formulas 
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and choosing values of Cu a.nd ^ at the maximum value of 

until the values of S 'become equal we find the required 
value of H. Since for preliminary computations it is ad- 
vantageous to underestimate the value of the pressure we 
recommend introducing in the formula a correction coefficient 
Kv that takes into account the "blade interference effect, 

a cas 

This coefficient is a factor ty which it is -necessary to 
multiply the pressure coefficient JCq isolctted 
blade in order to obtain the value of the pressure coeffi- 
cient for a given cascade and value of flow rotation. The 
coefficient may be selected with the aid of figure 74. To 
obtain the third of the above-mentioned points; namely, the 
point at which the press ix re again starts to rise, is a little 
more difficult. An examination of the experimental data at 
our disposal shows that the value 6f the pressure for this 
;f)Oint is equal to or somev/hat exceeds (by 10 to 20 percent) 
the value of the pressure for the point of start of straight 
pressure drop, ViTe are unable, at the present time, to give 
an accurate, criterion as to when the pressure curve is hori- 
zontal and v/hen it rises somewhn.t in the interval under con- 
sideration, For this reason tho preliminary characteristic 
at the deflection region may bo taken arbitrarily within the 
limits considered. 

A consideration of the e xper im>.?n t al data shows further- 
more that the part of the characteristic from point 3 to 
the point of maximum pressure may be considered parallel to 
the portion of the characteristic on. which the point of rated 
performance lies. The determination of the slope of this 
part will be considered. Taking this into account we gave 
the following simple method of determining the end points of 
the deflection interval of the preliminary characteristic 
(fig. 72), Through the point of zero discharge we draw a 
line of the same slope a.s the initial pnrt of the curve. We 
mark on this curve a the value of the pressure 20 percent 
higher than the value of the pressure found for the point 2. 
The point thus found determines the second boundary of this 
interval of the fan characteristic. 

We consider, finally, how to determine the slope of 
the preliminary characteristic at the portion where it may 
be considered straight. The slope is known if we have the 
value of the maximum discharge or more accurately, the dis*» 
charge for zero .total pressure. This, discharge may be deter- 



ijP^ " ' " I ■ 1 , ■ p . Ill III 

For the method by which this coefficient is obtained see 
sec; 6, 
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mined from the curve' sliown in figure 73*v7here the ratio 
cP-ZCq - "Q ) is laid off a s* a function of the circulation. 

All the magnit'ud^es entering this ratio arc nondi mens ional : 
cp = H/pu^ and Quax discharges obtained hy 

dividing the actual discharges Q,jnax ^^'^^ ''^^'^uir* 

is readily seen that the ratio '^c/^'^max ~ Qc ) actually gives 
the inclination of the nondimens ional ch.aracteristic to the 
volunc s.xis. 

We now resume the order of the steps in constructing 
the characteristics. There is first laid off the rate^. 
point. Then from the relative computed cirGula_tion ^ 
there is determined the value of the ratio ^c/'^max ~ '^-c 
from figure 73; we find Q-max from the known cp^ and Q,^ , 

plot the point of maximum discharge and draw straight line 
connecting with the rated point. The straight line is 
prolonged a certain distance "beyond the rated point in order 
to find point 2. 'fte find "by the method given above the value 
of the pressure at point 3 and mark tliis point on the straight 
line. We 'mark the point of pressure at zero "discharge and then 
hy the above method we draw the deflection interval in the fan 
characteristic and prolong the latter until it meets the Q 
axis. 

Ea'ving plotted the total pressure characteristic, we 
obtain in the case v/here it is req.uired the curve of static 
pressures by deducting the dynamic pressure. The latter, 
as is known, may be determined by the formula 



dyn = P (117) 



vrhere the velocity c^^ = Qsec/^ equal to the given 

discharge divided by the swept' area." 

We shall nov/ make some observations with regard to the 
shape of the power curve. In construct inf; the preliminary 
characteristic it is convenient to take the rated computed 
power as unity. Then 

1. At the point at which the static pr.essure ,is .zero 
the powe-r U = O.'S'.Nq.- 0'.95 

*C?he curve given on this figure was constructed on the b.'jsis 
of nn 0,nalysis of the test characteristic slopes of five fans. 
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2. At the point corresponding to half the rated 
discharge ■ the power attaitfs a value eq.ual to 0,85 - ' 
0.95 Nc*- 

3. finally at the point of zero discharge the power 

is somewhat larger than the rated. being of the order 1,15 - 
1.30 Nq. 

We may note that large fluctations in the power corre- 
spond evidently to high pressure fans. 

The pressure and power curves determine the efficiency 
curve. We remark only that the efficiency curve is generally 
level v/ithout any deflections. 

We conclude our remarks on the construction of the pre- 
liminary characteristics and proceed to the problem of 
mutual blade interference. Again we point out that the pre- 
liminary characteristic can be used only for very approximate 
orienting computations. The error in usini?^ these character- 
istics may, in certain cases, amount to 20 to 30 percent so 
that the regularly computed c liars-c ter i s t ic s must be used 
where greater accuracy is required. 



6. Blade Interference Effect 

We have pointed out that the aerodynamic characteristics 
of an airfoil operating as a fan blade element differs from 
the characteristics of the same airfoil when operating as an 
isolated airfoil. The problem thus arises of determining the 
airfoil characteristics from the fan characteristics. If it 
were possible to do this, then by computing the other fans by 
the new characteristics we would obtain considerably better 
agreement with experiment. 

The problem of obtaining the profile characteristics from 
the fan characteristics may be approached in the following 
manner. We divide, as previously, the fan into a number of 
elements. It is possible to determine the aerodynamic charac- 
teristics of the profile section for such an element if v;e know 
the pressTire developed by the element and the power required. 
The fundamental difficulty in finding these magnitudes is that 
we dO' not know the axial velocity distribution along the radius 
and hence -also the magnitude and direction of the relative 
velocity without which the power and pressure cannot be found. 
This fundamental difficulty may, however, be resolved in the 
following manner. It may be assumed that the character of the 
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axial velocity distribution will atjtually "be the same for 
the corresponding values of the rotational velocity c^ 
as in constructing the computed characteristics. Thus the 
actual distribution of the axial velocities at various 
operating conditions may he found if the corresponding 
val.ue -of c-ii is known. Since we assume that the law 
rc^ p constant holds true also in these computations the 
value of c^j may be found from the experimental power with 
the aid of the relati'on 

N = p qc^u (118) 



whence 



or 



c^ = -1- (119) 



•75 X 3600 X N /n^^x 
Cu = ^ (120) 

P %r ^ 



where N is in horsepov/er and '^^^ in cubic meters p'?r 
hour. 

From the discharge ' Q, corresponding to a given c^ 
the mean axial velocity may be determined 



= 3. 



(121) 



Assuming that the mean 
for a certain mt?an fan radius 
of axial velocity distribution 
axial velocity at other ra,dii, 
pointed out, that the relation 
at the given radius ,and at the 
for the computed characteristic 



velocit;'" 

we may 
a>s s um i n g , 



Cg. will actually be 
in the computed curve 
find the value of the 
as we have already 
between the 
mean radius 
at a give^n 



axial velocities 
is the same as 

°u* 



Thus before proceeding to determine the individual 
points of the prof'ile characteristics .we cpnstruct on the 
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"basis of the ahove considerations the curve of axial velocity 
distrihution. With the axial velocity known and taking into 
account the law rc^ = constant and the value of the rotational 
velocity c■^ for any element the angle p of an element is 
determined and since the blade angle is known the angle of 
attack can also he found. 

The pressure head H which for the given operating con- 
ditions can "be determined from the test characteristics gives 
also, as we have aready seen, the pressure of the "blade tip 
element. The pressure for the other elements may "be found 
from the relation 



«el = «tip el^ P-f- P-J- (122) 



on the basis of considerations analogous to those previously 
adduced in constructing the curve of pressure along the fan 
blade . 

If the pressure is known, the relation 




(123) 



c 0 s ^ 3 2tt r 



enables us to obtain Kg^, that is, we thus obtain a point of 

the required profile characteristic from the fan character- 
istics. 

In a similar manner there may be obtained from the fan 
characteristics the value of the coefficient K^. It is, 

here, necessary to remember that if the swept area is divided 
into ring elements of equal area unequal air volumes flow 
through these areas on account of the inequality of the axial 
velocities, For this reason the power expended in rotating 
these elements will not be the same but is distributed in 
proportion to the volume flow. Since the latter may be 
found for each ring from, the curve of axial velocity distrib- 
ution there is no difficulty in determiningthe power expended 
by each element. 
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Knowing the power Ng^ required by each eleme'nt the 
formula ' 



= p i '-^-J- b A r u (124) 

cos^ p 



enables us to find the value of K^^. 

The ratios K^^har/^aprof ^^'^ ^^char/%rof ^"^'^^ 

correction coefficients by v;hich it is necessary to multiply 
tho values Ka '^.nd K^^ taken from the characteristics of the 
isolpted airfoil in order to obtain the values of the corre- 
sponding coefficients for the blades of the cascade. 

\\e hare already pointed out that the aerodynamic charac- 
teristics of the airfoil operating as a blade element, the 
coefficients and Ky, depend on two factors*, namely, oa 

the blades spacing and the degree of rotation of the flow 
through the cascade. The blade spacing is defined by the 
ratio of the blade width at a given element to the distance 
betv/een the blades: 



^ 'bi 

7 = = (125) 

2Trr 2Trr 



The degrse cf flow rotation is naturally characterized 
by the relative circulation 



f = ^ 
2UH 



Figure 74 shows the curves of correction coefficient K-^ ^g^^ 
to the pressure coefficients which were "obtsined from the 
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preliminary computations for two fans. yl'V''^eT84arSNij3reT — 
pTCrs^-Tsie — f-«nr— b-hre-a-e — p-r-e-l-lm-iiiarS?^^ — s-o«i-p-uJ;-ajtio«.-s — f-OJ? — t-hLg _ f an >)» 
We considered it possible for these preliminary computations 
to assume these correction coefficients * Independent of the 
angle p and angle of attack. It is evident that this is 
possible only as a first approximation as is also i.ndicated 
by the considerable scatter of the points. The thin con- 
tinuous curves on the figure were obtained by interpols,tion 
between the round values of F. 

It should be noted that the results obtained require 
considerably greater accuracy. We consider, however, that 
introduction of these correction coefficients into the 
computation approaches more nearly the true conditions .than 
taking account of the interference effect by computing the 
fan for a higher pressure. 

On figure 75 are shown our preliminary results with 
regard to the effect of the cascade spacing and degree of 
flow rotation on the profile efficiency. This effect, as 
shown by the curve, is very small. 

The correction coefficient K,, is introduced into 

^a. cas 

the formula for the determination of the blade width b« 
Since, hov/ever, the coefficient depends on an initially un- 
known value of b it is necessary to have recourse to the 
method of successive approximations. For speeding the work 

it is recommended to assume outright a value of Kv 

^a oas 

at a somewhat higher value of b than given by the approxi- 
mat ion. 



C 017 CLU Slow 



Although the method developed by us for the computation 
of an axial fan is approximate it nevertheless provides re- 
sults of definite practice.! value. The method permits con- 
structing the computed characteristics fo-r the' operating blade 
angle and niim.ber of blades as well as t-hc different blade angle 
and with some blades removed. The volume of air de-livered by 
the fan is determined from the charac t or i st ics with an accuracy 
sufficient for nearly all fans. The only exceptions are fans 
with relatively large circulation. In this case too, however, 
the method can be made more accurate by making use of the 
correction coefficient ^kacas discussed in section VI, 
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section VI, 6. The Use of this coefficient for drawing the 
computed characteristics only slightly complicates these 
computations. ■ Since the magnitude hi/2Trr is already 
computed it i_s merely necessary to add three additional 
columns for T, "^icacos • J^^riprof computation 

shoet. The rest of the computation procedure remains the 
same. 

\-Js consider hriefly, in concluding, three prohlems 
whose solution is of immediate practical importance in 
the ' .? erodynam ic computation of an axial fan. These are, 
first of all, the problem of the "blade interference effect 
and the closely associated problem of the effect of the 
degree of rotation of the flow. Both of these problems 
should be solved by the two complementar;;' methods; namely, 
by analysis of the performance cff the fan by the blade 
element theory and by direct experimental investigation of 
the performance of the blade cascade in a flow with rotation. 
The latter method is rendered difficult by the necessity of 
constructing specia.l complicated apparatus. As regards the 
first, further success is possible only with a further per- 
fecting of the theory. 

One of the fundamental problems awaiting solution is 
that of constructing the computed fan characteristics for 
operation of the fan under various entry conditions. AH 
the conclusions of our present paper refer to a fan provided 
v/ith a smooth collector assuring axial entry of the flow 
as required "by the theoretical considerations. Preliminary 
investigations conducted by CAHI shov/ that the effect of the 
entry conditions is very marked. There is a sharp -drop in 
the efficiency on account of the fall in pressure head al- 
though there is a relatively small change i-i volume flow 
(of the order of 5 to 10 percent). 

Further investigations are also required on the problem 
of the effect of the clearance. The correction coefficient, 
with the aid of '^hich we took account of the effect of 
clearance, is a mean value obtained on the basis of a large 
number of tests. The scatter of the curves shown in figure 
18, from which t^iis mean value was obtained, is relatively 
large, however, and for clearances of -1 t o 2 percent attains 
the valu.es of 5 to 7 percent. In connection with this it may 
be stated that a more detailed study of the effect of clear- 
ance as a function of a number of factors, primarily, the 
circulation about the blades, would considerably reduce the 
possible error in the 'construction of the computed character- 
istics. What was said refers especially to the value of the 
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coniptited poxirer since in the value of the latter we intro- 
duced no correction coefficients that take the clearance 
into account. Tests he.ve shown, hov/ever, particularly £or 
high-pressure fans, that the power does not remain con** 
stant hut drops v/ith increase in the clearance. 

In the present paper the method of covistruct ing the 
computed characteristics is given only for a small range 
of the latter representing operation of the olade elements 
at normal angles of attack. The develoj)ment of a computation 
method for operating conditions outside this range is of 
great theoretical as well as practical value. An understand- 
ing of the mechanism of the fan performance for these con'- 
ditions will make it possihle to find new v/ays for improving 
the performance of the fan as a whole and permit solving the 
problem of the relation hetv/een axial and centrifugal fans 
and the possihility of passing continuously from the first 
type to the second. The latter possibility promises very 
important practical applications. The above-mentioned 
theoretical and applied i nve s t i ga,t i ons should be confirmed 
b3' investigations of the flov: structure, primarily, by sur- 
veying the velocity and pressure field ahead of and behind 
the fan, Further inve s t i gat i oxi s along the lines mentioned 
v;ill be an der taken b;?- CAE I. 

Transl.-^.tion by S. Soiss, 
NationsA Advisory Committoe 
for Aeronautics. 



APPEITDIX 



The appendix gives the originxl .-".orodynimic airfoil 
characteristics (O^ ^.^d Q curves for infinite span) the 
curves of the pressure =>.na. po'^or coefficients, the fan 
blido efficiency K^/E„ airfoil efficiency for the three 
fundamental f T,n airfoils s 

1. English propeller section v/ith various modifications, 

differing in the relative thickness 

2, Metal fan blade 1 



3. Symmetric profile section. 
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Fon computation *vi*h ond of 
pressare coe-ffici«nt Kq 
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Figs. 1,3,4 
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(b) r « 0.955 R. 



rt' 






JCa 



(o)^ r « 0.857 R. 



(d) r » 0.748 R. 



(e) p > 0.66a H. 

r J^^^^ i n ^'^ Figfure 2.- Velocity vector diagram for 
\f^gtT"c blade cascade of aadal fan. 
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Figs. 5,6,7,8,9 




Figure 5,- Forco components in 
peripheral and axial 

directions. 



Figure 6.- Direction of lift of 
Blade of cascade. 
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Figure 7,- Aerodynamic forcos ari>sing Figure 8.- Determination of 

at "blade clement in presence prossture and power 

of friction. coefficients and Kn* 
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Figure 9,- Curves 
of 

pressure coeffi*. 
cionts for English 
propeller section 
with relative 
thicloiess 6 = 0,1. 
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Figs. 10,11 




Figure 11,- Curves of ratio Kq^/i^ for English propeller section with 
relative thickness 6 = 0.1, 
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Figs. 12,13,14,15,16 





Figare 12.- Effect of friction on Figure 13.- Derirition of the law of 
performance of "blaiio volocity distribution of 

element. rotational flow 'behind the fan! rcu. = 

const. 





Figure 14.- Vortex system of 
axial fan. 



Figure 15.- Vortex line springing 
from the fan Talade in 
presence of clearance. 
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Figure 16.- Approximate 

picture of 
pressure distribution along 
the axial fan blade. 
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Figs. 17,18,19,20 
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Eigure 17,- Gloaranco bctwoo£ 

wheel and casing 
of axial fan. 
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^ 5_ 10 

S, percent 

]?igare 18.- Curve of pressure head against 
relative clearance in percent. 
The pressure is expressed in percent 
pressure S = 



100 
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Figure 19.- Curves of 

pressure head 
against clearance for 
various fans. 
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Figure 2Q.- Curve of ^^^,9 

profile 
efficiency for English <^ 
propeller section with 
Jejaiiv© thictoiess 
6 = 0.1. ,7 
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?igs. S1,S2 
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Jigare 21.- G-oomctric pa"rametcrs of fan Ho. 4J 0 - blade angle, b 
blade widthj 6 - relative thic^mess. 
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Figure 22.- Axial velocity distribution for fan TfTo. 4. 
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Fige. 23,24 
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Figure 23, ~ Curvo of coofiiciont Bu, dotemining tho friction loss at 
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Figure 24.- Auxiliary curves for dividing swept disk area into equal 
area rings^ 
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?igare 25.- Sketch of fan no. 1. s = 1.3 percent. 





Section throu^ AA. 




Tigare 30.- Blade drawing of fan no. 3a. 
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33,34,35 



Ilgure 33— Sketch of fan 

no. 5a, i • 2 percant. 




Tlenre 34.- Blade drawing of fan no. Sa. 




rigore 35— (Jeometrlc parameters of fan no 1 «/« 

5 . blade width. I - SLirtS^ki;.!^ " 
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Pigs, 36,37,38 



Fig-are 36.- 
Geometric 
parametera 
of fan no. 2, 




zoo 



Tim 




oja 

0,16 Figure 37.- 
jeometric 
parameters 
of fan 
no* 3a. 



Figure 38.- 

Geometric 
parameters 
of fan no. 5a. 
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FifeS. 39,40 
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Figure 39.- Comparison of computed and test cfaaracteristlcs 
of fan no. 1, s = 1.3 percent, 
test characteristics, computed characteristic*. 
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Figore 40.- Axial velocity distribution of fan no. 1. 
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Figs. 41.42 




Figure 42. >■ Comparison of computed and test cbaracteristics 
of fan no. 2, S s 1.5 percent, 
test characteristics, computed characteristics. 
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Pigs, 43,44 
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Figure 43.- Axial velocity distribution for fan no. 2. 




Figojre 44.- Test characteristics of fan no. 2. 
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TigB. 45.46 
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Ti.gare 45.- Comparison of computed and test ctaaracteristlcs 
of fan no. 3a, 9 = 19^ 20» , i= 1 percent, 
computed ctaaracteristlcs test ctaaracteristiea. 
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Figure 46.- Axial velocity distribution for fan no. 3a. 
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Figure 47a.- Teat characteristics of fan no. 3a, 6 = 19° 80' 
check test. * 
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Tigure 4U.- Comparison of computed and test characteristics 
of fan no. 3h, G - : 
computed characteristics. 



of fan no. 3h, G - 16° 59', 6=1 percent. 



-test characteristics. 
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figure 49.- Axial velocity distribution for fan no. 3h. 
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Figure 50.- Test characteristics of fan no. 3b, 0 = 16° 50 
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Figure 51.- Comparison of computed and test characteristics 

of fan no.. 3c, 6 = 14° 05* 
computed characteristics,— -—test characteristics. 
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Fig». 53a, 54 
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rieure 53a.~ Test characteristics of fan no« 3c, 9 14<) 05*, 
check test. 
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Figure 54,- Comparison of computed and test characteristics 
of fan no. 4, s s 1.16 percent, 
test characteristics, computed characteristics. 
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Figure 57.- Comparison of computed and test characterlstica 

of fan no. 5a; 1 s 12, i = 2 percent. 
test characteristics, computed characteristics. 
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Pigure 58.- Axial velocity, distribution for fan no. 5a, 
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Figure 59.- Test characteristics of fan no. 5. 
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Figure 60.- Comparison of computed and test characteristics 

of fan no. 5b; i 6, 1 = 2 percent. 
test characteristics, computed characteristics. 
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rigure 63.- Comparison of computed and test characteristics 
of fan no. 5c, 1=3, 8=2 percent, 
test characteristics, computed characteristics. 
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Figure 64.- Axial velocity distribution of fan no. 5c. 
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Figure 66.- Deviations of characteristice of fan no. 2 
constructed: (1) with account taken of re- 
distribution of axial velocities and (2) with axial 
velocities along radius assumed constant. 

characteristics for first case 

eharacteristics for second case 
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Figure 67. - Comparison of computed and test characteristics 
for rotation of blades of fan no. 3. 

computed curve 

} experimental curve 
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Figure 68.. 
fan no. 3. 



Comparison of computed and experimental power 
curves of fan no. 3 for rotation of hlades of 



computed curve 
test curve 
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Figure 69.- Comparison of computed and experimental pressure 
CTirves of fan no. 5 for rated and smaller number 

of blades. 

test curve, computed curve. 
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figure 70.- Comparison of computed and experimental power 

curves of fan no. 5 for rated and smaller 
number of blades. 

test curve, computed curve. 
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Figure 71,- Pressure de- 
veloped per 

iDlade as a ftmction of 
the mim'ber of blades. 
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Figure 74,- Curve of correction taking into acco-unt the blade inter- 
ference effect; Ka cos = ^aJ^^, 
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Figure 75,- Curve of correction coefficient that takes into account the 
change of the profile efficiency due to blade interference 

effect. 




Figure 77.- Lift coefficents curves for Englisli 

propeller_sections with various 
relative thicknesses 6. 
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Figure 76.- Data for the coastruction of the 
English propeller profile section. 
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Figure 78.- Drag coefficient curves for English^ 

propeller sections with various 
relative thickness. _ 

— 8 = 0.16*^ 



- 6 = 0.08, ■ 

— 6s 0.10, 



6 = 0.12,- 
6 » 0.14, 
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Pigura 79.- Pressxire coefficients for English 

propeller section with relative 
thickness S = 0.08. 
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Figure 80,- Power coefficient ctirves for English 

propeller section with relative 
thickness b s 0.08. 



■NACA Technical Memorandum No. 1042 



Figa. 81,82 





















































































































































































































AO 


















Pr 


















ep 




















































































— _ 




> 
































































-^ 













figure 81.- Curves of . Ke/Ku for English propeller section 
with relative thickness 6 » 0.08. 
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Figure 82.- Curves of profile efficiency for.English propeller 
section vith relative thictmess & s 0.08. 
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yigure 84.- Power coefficient curveB for English propeller 
section with relative thickness 8 =0.1. 
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Figure 85.- Curves of Ka/^u for_Engli8li propeller section with 
relative thickness 6-0.1. 
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Figure 86,- Curves of profile efficiency for^English propeller 
section with relative thickness 8 s 0.1. 
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Figure 89. •> Corves of Ka/Ku for English propeller section 
with relative thickness 8 = 0.12. 
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Tigore 90.- Coirves of profile efficiency for^^Bnglish propeller 
section with relative thickness 6 s 0.12. 
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Pig\ire 91,- Pressure coefficient curves for Snglish 

propeller section with relative 
thickness 5 = 0.14. 




Figure 92.- Power coefficient curves for English propeller 
section with relative thickness 5 - 0.14. 
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Figure 93.- Cxirves of ^/K^ for English propeller section 
with relative thickness 6 = 0.14. 
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Figure 94.- Curves of profile efficiency for English 

propeller section with relative 
thickness 3 = o.l4. 
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Figure 97.- Curve a of X^/K^ English propeller section 
with relative thickness 6 s 0.16. 
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Figure 98,- Curves of profile efficiency for Snglish 

_ propeller section with relative 
thickness 6 = 0.16. 
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Figure 100.- Lift coefficient curve for curved 
metal fan blade. 
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Figs. 101,102 











































ops 


































































Optr 




































































































003 


































q/x 
































































opt 






















































































i 


7^ 





Figure 101.- Drag coefficient cxirve for cxirved 
metal fan blade. 




Figure 102.- Pressure coefficient curves for 
cxirved metal fan blade no. 1. 
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Figure 103.- Power . coefficient curves for 
ctirved metal fan blade no. 1. 
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Figs. 105,106 
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Figs. 107,108 
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Figs. 109,110 





Figure lOd.- Pressure coefficient curves for 
symmetric profile. 
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Figure 110.- Power coefficient curvea for 
symmetric profile. 
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